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Announcement international contrast ultrasound society
Petros Nihoyannopoulos, MD, FRCP, FACC
Professor of Cardiology, Hammersmith Hospital, Imperial
College London
Vice President, ICUS

Medical professionals from around the world are welcoming the formation of
International Contrast Ultrasound Society (ICUS), which was founded September 18,
2008 in Chicago
The new organization was launched during the opening scientific sessions of the 23rd
annual international conference of contrast ultrasound specialists, “Advances in Contrast
Ultrasound: Enhanced Atherosclerotic Imaging and Interventions,” in Chicago.
The objectives of the International Contrast Ultrasound Society (ICUS) include the
following:
•
•
•

•
•

To promote the safe and efficacious use of contrast-enhanced ultrasound
(“CEUS”) in patients with diverse medical profiles and disease states.
To provide a global inter-disciplinary forum to foster education, research, and
development of CEUS applications.
To facilitate open and dynamic communications among medical professionals and
scientists in the fields of cardiology, radiology, gastro-intestinal medicine,
vascular medicine, internal medicine, hepatology, and other medical specialties
and basic science disciplines.
To foster education of the public on the safe and efficacious use of CEUS in
patients.
To create awareness in the medical community about the clinical benefits of
CEUS.

ICUS brings together medical professionals from around the world representing the fields
of cardiology, radiology, gastro-intestinal medicine, vascular medicine, internal
medicine, hepatology, and other specialties and basic science disciplines -- all focused on
improving patient care by expanding the safe and appropriate use of contrast ultrasound
imaging for more accurate and reliable noninvasive diagnosis of patients with diverse,
and sometimes life-threatening, abnormalities.

Contrast ultrasound is an enhanced form of ultrasound imaging that uses contrast agents
to improve the quality and accuracy of ultrasound scans, permitting more accurate
diagnosis of medical conditions and the monitoring of patient responses to various
treatments. Contrast agents are liquid suspensions of biocompatible gas-filled
microspheres. When injected into a patient’s arm vein during an ultrasound exam, the
contrast agents flow unimpeded through the patient’s circulatory system, mimicking the
flow patterns of red blood cells while producing enhanced ultrasound reflectivity.
Contrast agents are approved in more than 70 countries for use in diagnosing a wide
variety of medical abnormalities. At present, four contrast agents are available for
approved indications in various countries: Definity (Lantheus Medical Imaging),
Levovist (Schering AG), Optison (GE Healthcare), and Sonovue (Bracco Diagnostics).
Ongoing clinical trials and pending regulatory applications are aimed at expanding the
uses of ultrasound contrast agents.
“There is growing interest worldwide in expanding the approved uses of contrast
ultrasound -- not just for imaging the heart, but also for diagnosing abnormalities of the
liver, carotid arteries, gastro-intestinal system, kidneys, and other organ systems
throughout the body,” according to according to Dr. Steven Feinstein, Co-President of
ICUS, Program Director of the Advances in Contrast Ultrasound conference, and
Director of Echocardiography at Rush University Medical Center in Chicago.
“The formation of ICUS is a truly historic development in this field,” noted Dr. Barry
Goldberg, Co-President of ICUS and past president of the American Institute of
Ultrasound in Medicine and the World Federation of Ultrasound in Medicine and
Biology. Dr. Goldberg is a Professor of Radiology and Director of the Jefferson
Ultrasound Research and Education Institute at Thomas Jefferson University Hospital in
Philadelphia.
“Now, for the first time ever, there is an organization that provides a forum for crossspecialty communication and collaboration among contrast ultrasound professionals
worldwide,” Goldberg added. “Collaboration and inclusiveness are key to the growth of
the field and, ultimately, will significantly improve patient care.”
Membership of ICUS is free so please become a member if you are interested in contrast!

What Can Europe Learn From the FDA Contrast Experience?
Michael L. Main, M.D.
Saint Luke’s Mid America Heart Institute
Kansas City, Missouri, USA

In October, 2007, the United States FDA issued a new “black box” warning,
multiple new disease state contraindications, and a mandated 30 minute post procedure
monitoring period for the ultrasound contrast agents Definity® and Optison™. These
labeling changes were largely secondary to reports of 4 patient deaths, and ~190 other
“serious cardiopulmonary reactions” which were temporally related, but not clearly
causally attributable to Definity® administration. Contrast agent use in the U.S.
plummeted in the immediate aftermath of this FDA action, with many hospitals,
physician offices, and outpatient imaging centers suspending contrast echocardiography
altogether. These labeling changes were recently revised with deletion of the disease
state contraindications, and modification of the 30 minute monitoring period. This talk
will focus on newly published safety data, advocacy efforts by the international physician
community, and the applicability of the U.S. experience to our European colleagues.

A PHase III study Of Myocardial SonoVue® Enhanced Echocardiography In Patients with
Coronary Artery Disease, using X-Ray Coronary Angiography as Gold Standard

Luciano Agati, MD on the behalf of PHOENIX investigators
Head of Cardiac Imaging Unit Department of Cardiology Sapienza University of Rome
The Phoenix trial is an European, multicenter, phase III, open label, non randomized study
sponsored by Bracco Imaging SpA. The main aim of this trial is to evaluate sensitivity and
specificity of myocardial perfusion imaging obtained by SonoVue® enhanced stress
echocardiography as compared to ECG-gated SPECT in detecting/excluding significant coronary
artery disease (coronary stenosis ≥70%) in patients with known or suspected CAD. The reference
method will be quantitative coronary angiography.
Patients of both sexes, having at least 18 years and having a known or suspected coronary artery
disease indicated for stress ECG-gated SPECT and/or coronary angiography to clarify whether they
have a clinical significant coronary stenosis will be enrolled in the study. A total number of 537
completed subjects will be enrolled in the study. The study sample size was powered to be able to
demonstrate non inferiority of MCE in respect to ECG-GATED SPECT in terms of sensitivity and
specificity in detecting/excluding presence of significant coronary stenosis
A total of 33 European centers have been involved in this trial (Belgium: 2, Poland: 1, France: 2,
Spain: 3, Germany: 6, UK: 5, Italy: 9, CH: 2, The Netherlands: 2, Greece: 1). The protocol was
started on May 2008 and last patient should be enrolled on November 2009. Completed off-site
reading (3 readers for ECHO & 3 readers for SPECT images) is expected for March 2010.
Exclusion criteria
Patients were excluded from the study if any of the following conditions are observed:
Any clinically unstable cardiac condition prior to SonoVue® administration such as: evolving or
ongoing myocardial infarction, a history of acute myocardial infarction or PCI within the previous 3
months, worsening of typical angina at rest within the previous 7 days, significant worsening of
cardiac symptoms within the previous 7 days, recent coronary artery intervention or other factors
suggesting clinical instability, acute cardiac failure, class III/IV cardiac failure, severe cardiac
rhythm disorders. Any contra-indications to dipyridamole or aminophylline. Any known allergy to
one or more of the ingredients of the investigational product. Previous Coronary Artery By-pass.
Any revascularization procedure or change of clinical status that may warrant a change in their
status of CAD among the clinical testing under evaluation (coronary angiography, MCE or ECGGATED SPECT). Use of methylated xanthines (chocolate, caffeine, including coffee, tea, and cola
drinks), phosphodiesterase inhibitor drugs (aminophylline or dipyridamole) within 24 hours prior
SonoVue® enhanced echocardiography or SPECT. Pregnant or lactating female. No visualization
of left ventricle at basal echocardiography.
All patients should perform coronary angiography, ECG-gated SPECT (rest and) stress imaging
with dypiridamole and MCE rest and stress imaging with dypiridamole. The three imaging
procedures should be completed within a time interval of 30 days. No significant coronary event

should happen between the three imaging procedure. Dipyridamole will be administered
intravenously at the rate of 0.14 mg/kg/min for 4 minutes. Total dipyridamole dose administered is
0.56 mg/kg. At the end of the stress procedure (after obtaining the peak stress echo sequences and
injection of the ECG-GATED SPECT tracer) aminophylline (40-120 mg) should be given to
accelerate recovery and limit side-effects. All peak-stress echo images are recorded within 10 min
after completing the dipyridamole infusion (expected period of induced hyperaemia). The stress
ECG-GATED SPECT images will be obtained at 20-60 minutes after the end of the dipyridamole
infusion.
In order to avoid bias the primary and secondary endpoints will be evaluated using an off-site
approach for all the imaging methods. The qualitative evaluation of both SonoVue® enhanced
images will be performed off-site by three cardiologists experienced in echocardiography, who are
unaffiliated with any study centre and are blinded to subject identity, clinical profile, coronary
angiography and results. The off-site evaluation will be performed on digital clips. Similarly,
SPECT images will be assessed, in a central lab, by three expert nuclear cardiologists, who are
unaffiliated with any study centre and are blinded to subject identity, clinical profile, ultrasound and
coronary angiography results. They will evaluate contrast uptake and myocardial perfusion by
segments using QPS software. A centralized, off-site quantitative assessment of the coronary
angiography will be performed by one central laboratory. The assessors will be blinded to subject
identity, clinical profile, MCE and SPECT results.
Conclusion
BR1-125 is a phase III study to compare SonoVue® MCE to ECG-GATED SPECT, at rest and at
peak of low-dose dipyridamole stress test, in the assessment of significant coronary artery disease
(CAD) in patients with suspect or known CAD using coronary angiography as the Gold Standard.
Each subject undergoes three imaging techniques (MCE, SPECT and coronary angiography) and
one provocative test for angina (dipyridamole stress test)

Contrast-Enhanced Ultrasound Imaging: Early Detection and Quantification
of Atherosclerosis in Rapacz Familial Hypercholesterolemia Swine
Arend F.L. Schinkel, Chris G. Krueger, Armando Tellez, Juan F. Granada, Jess D. Reed, Daniel
Staub, Blai Coll, Steven B. Feinstein. From the Department of Internal Medicine, Section of
Cardiology, Rush University Medical Center, Chicago, Illinois; Department of Animal Sciences,
University of Wisconsin, Madison, Wisconsin; Skirball Center for Cardiovascular Research,
Cardiovascular Research Foundation, New York, New York; Thoraxcenter, Erasmus Medical
Center, Rotterdam, the Netherlands.

Objectives: The goal of the study was to produce an experimental model for the noninvasive assessment of atherosclerosis using non-invasive imaging (contrast-enhanced
ultrasound imaging).
Background: The early development of atherosclerosis is correlated with intima-media
thickening and hyperplasia of the vasa vasorum network. The development of the
neovascularization precedes intima-media thickness (IMT) and plaque growth.
Methods: Atherosclerosis of the femoral artery was induced using mechanical
interventions in 4 Rapacz familial hypercholesterolemia (RFH) swine. Contrast-enhanced
ultrasound imaging of the femoral artery was performed at baseline, and at 3, 5, 12, 26,
and 43 weeks follow-up. Serial measurements of the IMT were performed using an
electronic caliper at 10 equidistant sites and results were averaged. The density of the
vasa vasorum network was based on a semi-quantitative scale: 0 = no visible vasa
vasorum, 1 = limited to moderate appearance of vasa vasorum, 2 = extensive appearance
of vasa vasorum.
Results: Contrast-enhanced ultrasound imaging allowed an early detection of
atherosclerosis, and showed a significant progression of atherosclerosis over time. IMT

increased from 0.22±0.05.mm at baseline to 0.45±0.08.mm (P<0.0001) at follow-up. The
density of and extent of the vasa vasorum network increased significantly during followup.
Conclusions: Contrast-enhanced ultrasound imaging provides a platform to image
atherosclerosis including IMT and vessel wall angiogenesis (vasa vasorum). The RFH
swine model provides a unique opportunity to study the relation between vasa vasorum
and plaque vulnerability and can be used to monitor therapies (pharmaceutical and
devices).

Medico-economical results of CEUS in FLL’s from a large multicenter french clinical trial
Tranquart F, Rusch E, Vilgrain V, Correas JM, Ladam-Marcus V, Manzoni P.
Tours, Paris, Reims, Besançon, France
Objective: to assess the medico-economical value of intravenous injection of SonoVue® in
ultrasonography for characterization of liver lesions not fully characterized by conventional
sonography or CT-scan, to assess the acceptability of the method, to study SonoVue® tolerance, to
evaluate inter-reviewers agreement.
Materials and methods: This was a multicenter study aimed at assessing the medico-economical
value of SonoVue® injection in the characterization of undetermined focal liver lesions. Unenhanced
US and SonoVue®-enhanced US were performed at baseline; reference examinations (CT or MRI)
were performed within 30 days. CEUS examinations were centrally reviewed by two independent
blinded readers and reference examinations by one expert. The diagnosis made by CEUS was
compared to that obtained by reference exam on the basis of expert review. Final diagnosis was based
on histology when biopsy was performed, or pathology in patients who underwent liver resection, or
CT/MRI imaging findings obtained within 6 months from baseline evaluations. For each imaging
technique the machine costs, the extent of dedicated area required, the duration of the examination, the
volume of contrast media required, the time spent by medical staff (physician and technician) for the
examination were evaluated. The relative cost of the examinations was compared on the basis of
reported costs from participating centers.
Results: Of the 874 patients enrolled in the study, 730 had one, 128 two, and 16 three liver nodules for
a total of 1034 nodules to be assessed. 245 subjects (28%) had cirrhosis; 50.1% of subjects were
female and 49.9% male. Mean age was 55.7 (± 17.9 SD). Medical History was uneventful in 51% of
cases; 17% of subjects had history of allergy and 5% of iodine allergy; 5% of the patients had renal
failure. The mean lesion size (maximum diameter) was of 2.97cm (± 2.07 SD) and the mean distance
of the lesion from the skin was of 5.93 cm (± 2.6 SD). The mean injected volume was of 3.1 mL (± 1.2
SD).
Diagnostic confidence was expressed in 62.4% of cases based on unenhanced US and in 86.1% of
cases based on CE-US. Overall CEUS showed a high diagnostic accuracy with, on average, a 79.4%
sensitivity and a 88.1% specificity. The sensitivity ranged from 69.8% for HCC diagnosis up to 85.4%
for the diagnosis of hemangioma. For each detailed diagnosis the specificity was greater than 90%.
The cost for one exam for contrast ultrasound, CT-scan and MRI is equal to respectively 144.86,
178.97 and 219.56€.
Conclusion: The results of the present study demonstrate that CEUS has a high accuracy in
characterization of FLL, with a sensitivity of approximately 80% and a specificity greater than 90%.
Reproducibility of CEUS is higher than that of reference techniques at lower costs. These results
support the diagnostic and economical values of CEUS for characterization of liver lesions.

Abstract Tom Porter
Title of Presentation: Diagnostic Ultrasound Combined with Targeted or NonTargeted Intravenous Microbubbles Improves Microvascular Recovery Following
Acute Coronary Thrombotic Occlusions

Background: The high mechanical index (MI) impulses from a diagnostic ultrasound
(DUS) transducer may be a method of recanalizing acutely thrombosed vessels if the
impulses are applied only when microbubbles (MB) are channeling through the
thrombus.
Methods: In 45 pigs with acute left anterior descending thrombotic occlusions, a low MI
pulse sequence scheme (CPS) was utilized to image the myocardium and guide the
delivery of high MI (1.9 MI) impulses during infusion of either platelet-targeted
intravenous MBs (PTMB), or non-targeted MBs (NTMB). A third group received no DUS
and MB. All groups received half dose recombinant pro-urokinase, heparin and aspirin.
CPS examined for replenishment of contrast within the central portion of the risk area
(RA), and guided the application of high MI impulses. Angiographic recanalization rates,
resolution of ST segment elevation on EKG, and wall thickening were analyzed. As a
result of these studies, further studies were performed in an additional four pigs using a
three dimensional volumetric probe (Philips IE 33) encompassing the parasternal and
apical regions for the guided high MI applications.
Results: Pigs receiving PTMB had more rapid replenishment of the central portion of
the risk area (80% versus 40% for NTMB; p=0.03) and higher epicardial recanalization
rates (53% versus 7% for pro-urokinase alone; p=0.01). Replenishment of contrast

within the RA (whether with PTMB or NTMB) was associated with both higher
recanalization rates and even higher rates of ST segment resolution (82% versus 21%
for pro-urokinase alone; p=0.006). ST segment resolution occurred in six pigs (40%)
treated with MB who did not have epicardial recanalization, of which five had recovery
of wall thickening. When using the three dimensional volumetric probe for the guided
high MI applications, epicardial recanalization was achieved in all four pigs tested.
Conclusions: Intravenous microbubbles, combined with brief high MI DUS impulses
guided by low mechanical index imaging, improve both epicardial recanalization rates
and microvascular recovery in acute ST segment elevation myocardial infarction.

Ultrasound enhanced prehospital thrombolysis in acute ST-elevation
myocardial infarction

O. Kamp

Background – Experimental studies have shown that ultrasound contrast agents
enhance the effectiveness of thrombolytic agents in the presence of ultrasound in
vitro and in vivo. Recently, we have launched a clinical pilot study, called “Sonolysis”,
to study this effect in patients with ST-elevation myocardial infarction based on
proximal lesions of the infarct-related artery.
Methods/design – In our multicenter, randomized, placebo controlled clinical trial we
will include patients between 18 and 80 years of age with their first ST-elevation
myocardial infarction based on a proximal lesion of the infarct-related artery. After
receiving a single bolus alteplase 50 mg IV (Actilyse® Boehringer Ingelheim GmbH),
a loading dose of Aspirin 500 mg, and Heparin 5000 IU in the ambulance according
to the prehospital thrombolysis protocol, patients, following oral informed consent, are
randomised to undergo 15 minutes of pulsatile ultrasound with intravenous
administration of ultrasound contrast agent or placebo without ultrasound. Afterwards
coronary angiography and, if indicated, percutaneous coronary intervention will take
place. A total of 60 patients will be enrolled in approximately 1 year.
The primary endpoints are based on the coronary angiogram and consist of TIMI
flow, corrected TIMI frame count, and myocardial blush grade. Follow-up includes 12lead ECG, 2D-echocardiography, cardiac MRI, and enzyme markers to obtain our
secondary endpoints, including the infarct size, wall motion abnormalities, and the
global left ventricular function.

Discussion – The Sonolysis study is the first multicenter, randomized, placebo
controlled clinical trial investigating the therapeutic application of ultrasound and
microbubbles in acute ST-elevation myocardial infarction patients. A positive finding
may stimulate further research and technical innovations to implement the treatment
in the ambulance and maybe obtain even more patency at an earlier stage. I will
discuss several patients included in the study.
Trial registration – Trialregister NTR161

3D Contrast Ultrasound of the prostate

Prostate cancer is the number one non-skin malignancy of males in Western countries. In the
U.S.A., 1 in 6 men will be diagnosed with prostate cancer in their lifetime, and 1 in 32 will
die of it. Diagnosis still requires multicore ‘blind’ biopsies, and treatments frequently results
in impairments of quality of life due to problems with urinary, bowel, and sexual function.

For an optimal diagnosis we need:
- An accurate screening test, to avoid unnecessary biopsies.
- Targeted instead of systematic biopsies, to reduce false negatives and to improve
histological grading.
- An accurate grading and prognosis, in order to treat only relevant cases and avoid the
side-effects resulting from (over-)therapy.
- Targeted therapies, in order to reduce side-effects and possible recurrence.

However, at this moment the available screening tests are inaccurate. This results in missing
relevant cases and over-diagnosis and over-treatment. What’s even more important, at this
moment no reliable imaging method for prostate cancer is available. Decisions related to
patient care are therefore based on limited pieces of information on the localization, extent
and grade of malignant tissue. Currently used diagnostic techniques include:
- Digital rectal examination. It is obvious that this test is very subjective, and it results in a
low sensitivity and specificity.
- Prostate Specific Antigen (PSA) level in the serum. PSA screening, as practiced in the
US, results in more diagnoses, however it is still unclear whether there is also a survival
benefit. At present, population based PSA screening is not recommended in Europe. The
major concern is that the test fails to ensure a high sensitivity and specificity at the same
time.
- Transrectal Ultrasound. Has a very limited diagnostic value, and is mainly used to guide
the systematic biopsy procedure.
- Systematic biopsy sampling. Taking 6 to 12 (and sometimes even more) systematic
biopsies is used to confirm the suspicion for prostate cancer. Even if the presence of
cancer is confirmed by biopsy, this involves in a substantial number of cases indolent
disease.
- Shape alterations of the prostate. These occur in advanced prostate tumors.
- Bone metastasis imaging. In late-stage disease.

Looking towards available medical imaging methods, grayscale transrectal ultrasonography
is the standard for guiding biopsies to the organ, but it has limited value in identifying
malignant foci. Magnetic resonance (MR) imaging and its combination with MR
spectroscopy is helpful for evaluating the extent of local disease, but it has a limited role.
Computed tomography (CT) and radionuclide bone scans are only used for the evaluation of
advanced disease. This presentation deals with a new approach to image prostate cancer:
contrast-enhanced ultrasonography (CEUS).

The last years CEUS has been investigated for the detection and localization of prostate
cancer. The use of CEUS for targeting biopsies was invested intensively. In Europe, over
3000 patients have been investigated with CEUS, and the results are promising. It was
concluded that CEUS was the best single diagnostic tool for the detection of PC in a study
including men with and without cancer. Studies with the latest contrast specific imaging
techniques have been performed, and unpublished data show an increased sensitivity for the
detection of different perfusion patterns. CEUS targeted biopsies resulted in an improved
cancer detection and grading with less cores per patient. An overview of the European
results can be found in: Contrast-enhanced ultrasound and prostate cancer; a multicentre
European research coordination project. Wink M, Frauscher F, Cosgrove D, Chapelon JY,
Palwein L, Mitterberger M, Harvey C, Rouvière O, de la Rosette J, Wijkstra H. Eur Urol.
2008 Nov;54(5):982-93.

Until recently 3D CEUS using a transrectal ultrasound probe was not available, and a 2D
approach was used. From clinical research we found that especially information related to
the inflow and outflow of contrast is useful for detecting prostate tumors. To achieve a
reasonably amount of enhancement in the prostate, two boluses of 2.4 ml (in total 1 vial) of
Sonovue are used. This limits the amount of 2D planes that can be examined. In our
protocol we use in total 4 2D planes to examine the prostate. One plane for a complete
wash-in and wash-out of contrast, and 3 other planes in which detruction-replenishment is
used to visualize the in-flow of contrast. The main problem of the selection of a limited
number of planes is that possible lesions in the prostate can be missed, and therefore a
3D/4D approach, imaging the whole prostate in 3D as function of time after 1 bolus of
contrast would be ideal.

During the last year, the possibility to use 3D-CEUS implemented on a transrectal probe
became available. In this presentation the first results of 3D/4D CEUS of the prostate will be
discussed.

Ultrasound contrast agents for cardiovascular drug delivery
Annemieke van Wamel 1, Klazina Kooiman, and Nico de Jong 1-2-3
1-Dept. of Biomedical Engineering, Thoraxcentre, Erasmus MC, Rotterdam, The Netherlands
2-ICIN, Utrecht, The Netherlands
3- Dept. of Applied Physics, Physics of Fluids, University of Twente, Enschede, The Netherlands

Ultrasound contrast agents consist of liquid containing encapsulated gas microbubbles. The size varies typically
from 0.5 to 6 µm. De gas core can be air or a high molecular weight gas like perfluorobutane. A thin shell, that
prevents the gas core from dissolving quickly, encapsulates the gas core and can consist of a phospholipids
monolayer, albumin or polymers (Fig1).

Gas / drug
containing core
1-5 µm

Drug containing shell
1-20 nm

Figure 1. Schematic representation of a drug loaded ultrasound
contrast microbubble. Adapted from Emmer et al. [1]

Signal enhancement during contrast echocardiography relies on the detection of the acoustic energy produced by
microbubbles resident within the vascular compartment. Signal enhancement during contrast echocardiography
relies on the detection of the acoustic energy produced by microbubbles resident within the vascular
compartment. After intravenous injection, the microbubbles circulate in the blood pool for 5 to 15 minutes. Upon
ultrasound irradiation, vibration of microbubbles results in the generation of strong backscattered acoustic
signals that produce contrast enhancement or opacification on ultrasound imaging.
Ultrasound activated microbubbles can also cause transient non-lethal permeabilisation of cells (fig 2). Studies of
influx of cell membrane impermeable dye, genetic materials, and nanoparticles have confirmed that the action of
ultrasound microbubbles on the cell membrane is to alter the cell permeability. The permeabilisation action of
ultrasound and microbubbles on cells lies in the fact that microbubbles oscillate while irradiated with ultrasound
resulting in a mechanical deformation of the cells.

Figure 2. Proposed model of the oscillating microbubble enforced pore formation in the cell membrane. The pushing and
pulling behaviour of the microbubble causes rupture of the cell membrane creating a hydrophilic pore allowing transmembrane flux of fluid and macromolecules [2,3].

Ultrasound-activated microbubbles are able to transiently increase the endothelial layer permeability(fig 3). This
feature can be used for ultrasound-guided drug delivery systems. The micro-mechanical forces can also act as
external stimulus to encourage cells to actively internalize the drugs. [4].

Figure 3. Microscopic ultra-fast recording (10 million frame per second) of an oscillating microbubble pushing cells apart
from each other [4].

Although a lot of studies have been showing ultrasound contrast local drug delivery, every type of
microbubble and target cells have specified characteristics determining if it will be successful for it intent.
Microbubble oscillation and rupture behaviour is among others, dependent on the microbubble size, ultrasound
frequency, shell composition, and the surrounding liquid and tissue. Adding targeting molecules and drugs
particles changes the microbubble oscillation behaviour in an ultrasound field compared to ‘naked’
microbubbles. High-speed recordings and echo imaging has revealed microbubble behaviour with and without
the drugs [5,6]. The results of these studies are now being used to fine tune the use of ultrasound contrast agents
for cardiovascular drug delivery.
Reference:
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Van Wamel, A., et al., Micromanipulation of endothelial cells: ultrasound-microbubble-cell
interaction. Ultrasound Med Biol, 2004. 30: p. 1255-8.
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Targeted Transfection by Sonoporation in Inflammatory Bowel Disease
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2 Targeson, LLC (Charlottesville, VA)
3 Department of Internal Medicine, University of Virginia (Charlottesville, VA)
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Crohn’s disease (CD) is a chronic, debilitating inflammatory disorder with no known cure. The pathogenesis of
CD is still unknown, but likely results from dysregulated immune responses to environmental factors in a
genetically predisposed host. Current therapeutic modalities for the treatment of CD, including
immunosuppressive agents and biologics, are effective in ameliorating symptoms but can lead to
immunogenicity, tolerance and severe long-term side effects. Recent studies underscoring the potential
molecular defects found in CD suggests that gene therapy may present a viable long-term treatment strategy
for CD and other chronic inflammatory diseases.
We have investigated microbubble-mediated sonoporation as a mechanism for targeted gene delivery. Lipid
microbubbles bearing a slight cationic charge were synthesized, and plasmid DNA was electrostatically
coupled to the shell surface. Plasmids expressing luciferase or GFP were delivered into cultured endothelial
cells by sonoporation, and transfection efficiency was evaluated by fluorescence microscopy, luciferase
assays, and flow cytometry. We evaluated the role of insonation time, insonation peak negative pressure, and
microbubble concentration on transfection efficiency in three endothelial cell lines. GFP transfection increased
with insonation time, pressure, and microbubble concentration, although decreased cell viability was observed.
Additionally, we compared microbubble-mediated sonoporation to lipofectamine-mediated transfection, and
found comparable transfection efficiencies.
To evaluate the feasibility of targeted sonoporation in vivo, we conjugated an anti-MAdCAM-1 antibody to the
surface of the cationic microbubble. We administered the targeted microbubbles bearing a luciferase plasmid
intravenously to SAMP1/Yit Fc mice, a model of CD that develops spontaneous intestinal inflammation
localized to the terminal ileum and characterized by significant upregulation of MAdCAM-1. Microbubbles were
allowed to accumulate at the inflamed gut over fifteen minutes, and targeted accumulation was verified by nondestructive contrast ultrasound imaging. Microbubbles were then insonated using a commercial sonoporator
operating at 1 MHz. Optical imaging 24 hours after treatment revealed significant luciferase expression within
the targeted gut, with minimal signal in healthy mice or in mice administered a luciferase-bearing microbubble
targeted with an isotype control antibody.
Our data suggests that microbubble-mediated sonoporation is a robust technique for transfection in vitro and in
vivo, with immediate applications in preclinical cell and animal research and potential future applications in
clinical use.

Figure 1. Targeted transfection of GFP to inflamed mouse bowel. MadCAM-1 targeted microbubbles carrying a
GFP plasmid are retained in the mouse intestines fifteen minutes after bolus administration (A); GFP
expression is visible in mouse gut 24h after sonoporation treatment (B).
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Monitoring Cancer Therapy with Bubbles
Peter N Burns, John Hudson, Gordon Lueck, Ahthavan Sureshkumar , Ross Williams
Dept of Medical Biophysics
University of Toronto
In approximate parallel to the physical development of bubbles as an imaging tracer for microvessels in
tissue, researchers in the life sciences have been unravelling the special biological role such vessels
play in the progression of a cancer. The emergence of a tumour’s blood supply from the host, known as
malignant angiogenesis, in which new vessels grow from the host into the cancer, is now understood to
have important implications for cancer diagnosis, prognosis and treatment [1-3]. The vessels provide a
supply of oxygen and nutrients for the cancer cells to grow, as well as a conduit through which they
can metastasise to distant organs in the body. From a diagnostic point of view, it may be these
angiogenic lesions, and not necessarily every colony of malignant cells, that medicine needs to identify
and treat. Once a cancer has been identified, it is known that the number and density of blood vessels
present can provide additional prognostic information which is independent of clinical staging, perhaps
offering potential to tailor therapy better to an individual patient’s disease [4]. Recently, a large
number of new treatment strategies have been proposed that target the proliferating vasculature of a
developing cancer, including drugs specifically designed to inhibit the angiogenic transformation itself
[5]. Finally, the blood vessels themselves offer a means to delivery of targeted drugs that can both be
transported by the vasculature and potentiated locally by the focused insonation of bubbles mixed with
the blood. Thus, information on the status of the blood supply to a solid cancer is of high clinical
significance. Yet, the use of imaging methods to characterise tumour blood vessels and flow - including
microbubble imaging - is still confined in the clinic to the relatively crude process of differentiating
benign from malignant lesions and has not been pushed into any of these new and exciting areas [6].
One recent exception is in the field of tumour monitoring following anti-angiogenic or anti-vascular
therapies. Here the impetus for imaging has come from the huge enterprise of developing drugs which
target the vasculature; the first of these have finally gained approval for clinical use and thousands of
patients are undergoing treatment, both as part of clinical trials and in routine care, using these new
therapeutic agents. But the agents are expensive and trials have yet to establish the best patient
candidates and the best way to use the drugs. For example, many seem to work best in combination
with established chemotherapeutic agents or radiotherapy modalities, but the best regime for
combination and administration is as yet unknown: their future success may well depend on making
this determination. The matter is complicated by the inadequacy of conventional surrogate measures of
tumour response to treatment. The RECIST criteria, for example, are a set of measurements of tumour
size, often carried out using CT imaging, that are used to indicate whether a cancer is responding or not
to a given treatment. But anti-vascular therapies do not of themselves kill cancer cells and so
responding cancers often do not shrink in size. There is a clear need, then for a more direct noninvasive
measure of the vascular response of a tumour to these agents. During clinical trials, in which an
imaging surrogate of response was urgently sought [7], dynamic contrast MR imaging quickly became
established as a useful and reasonably reproducible method for the measurement of parameters related
to haemodynamic properties of the tumours, even if - due to the complexity of the compartmental

models determining relaxation behaviour of water in the tumour - it was not always clear precisely
what these were. The determination using microbubble measurements of relative vascular volume,
velocity and flowrate is, on the face of it, more straightforward, as the agents are purely intravascular
and there is, at least in principle, a predictable relationship between concentration and signal intensity.
Physical models have been formulated [8] which are more realistic than those proposed originally [9]
to measure flow, and it has been demonstrated that even without any models, heuristic characterisation
of the kinetic behaviour of a bolus is capable of providing clinical information that is powerful when
compared to the conventional alternatives [10]; these are promising results.
Questions relating to the most useful direction of our efforts still remain, however. First, what should
we measure? We do have data from invasive studies in animal models and from high frequency
Doppler ultrasound [11], which seems to indicate that total vascular volume may be one of the more
promising surrogates of microvascular response. Biologists and clinicians are interested in this measure
as it changes with time in response to therapy, rather than as an absolute measure, and they need it to
be measured over the entire tumour volume of the mass. Thus relative, rather than absolute measures
are acceptable, but they need to be acquired over the entire three dimensional volume of the lesion. 3D
contrast acquisition, rather than 3D contrast imaging, is important, as is the reproducibility of the
measurement. The latter issue is crucial. Measurements need to be normalised with respect to the
effects of attenuation, bubble dose and physiological parameters (such as organ bloodflow) which may
change from measurement to measurement. It is also not clear whether an contrast agent infusion,
which is likely to be more suitable to sustain reproducibility over a relatively slow volume acquisition,
or bolus, which is easier to perform in a practical setting (especially in Europe) is best. In post
processing analysis of contrast dynamics, patient motion is a challenging confounder of quantitation.
Motion correction methods are able to deal with in-plane motion effectively, but correction of out-ofplane motion is impossible with conventional methods. In fact, respiratory motion might be put to good
use, if it is regular and shallow. These issues will be discussed.
In the end, measurements in this field have the advantage of potential validation - both as a
measurement and surrogate of biological response - by independent biophysical, biological and clinical
endpoints. Studies are underway which compare different ultrasound contrast approaches to each other,
to other contrast imaging methods such at contrast CT and MR, to biomarkers of tumour response, to
immunohistochemical examination of tumour tissue itself and ultimately, to survival and mortality
from the disease. It is by these adjudicators that we should gauge our success in this new application of
bubbles in imaging.
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THE PATHOLOGY OF ATHEROSCLEROTIC PLAQUE MICROVESSELS

Allard C van der Wal
Deptartment of Pathology, Academic Medical Center, Amsterdam, NL
It is an old observation, which already dates from the early 20th century, that atherosclerotic
plaques contain small capillary like vessels located at the base and in the shoulders of the
lesion. More recently, interest in microvessels was boosted by the notion that some plaque
features (and others not) are related to the onset of plaque rupture, erosion or bleeding. And,
among several other features (such as abberant endothelium, deficient collagenous matix,
inflammatory activity and paucity of smooth muscle cells), also these microvessels came into
focus as a pathway that may serve to increase vulnerability of plaques.
Plaque microvessels appear morphologically as either immature capillary sprouts or dilated
thin walled venular vessels that arise from the feeding vasa vasorum around the involved
artery. Under the influence of tissue hypoxia they invade the growing plaque mass to form a
vascular plexus (angiogenesis), a process recently supported by the detection of angiogenetic
peptides (VEGF) and the transcription factor hypoxia inducible factor (HIF-1alpha) in
surrounding macrophages, and expression of the early differention marker CD105 (endoglin)
on endothelium of these vessels. At this stage microvascularization can be interpreted as
protective: it prevents from hypoxia and necrosis inside the plaque.
However, there are (at least) three situations to appreciate pathophysiologically that
microvessels may have detrimental effects on plaque stability, evoke episodes of rapid plaque
growth or both, and hence increase the risk of symptomatic pathology such as ischemic
coronary syndromes.
First, when atherogenic (= atherosclerosis stimulating) factors prevail, the microvessels form
an easily accessible pathway for recruitment of T-cells and macrophages, thus increasing
plaque inflammation and vulnerability of the lesion. We have observed this pathway of
recruitment, including the expression of appropriate activation markers on endothelium and
inflammatory cells, particularly in vulnerable lipid rich types of plaques (as a opposed to
stable fibrous plaques).
Second, in the advanced stages of plaque formation the microvascular plexus matures towards
thin walled dilated structures. Such vessels may have increased leakiness for macromolecules
and bloodcells or may even rupture. Microvascular ruptures cause intraplaque bleeding
(haemorrhages) varying from microscopic extravasations of erythrocytes to large plaque
haematomas. This appears to be an important mechanism of plaque growth, since we have
observed such plaque haemorrhages (either fresh or old and organized ) in > 50% of plaques
obtained from older patients with severe endstage coronary atherosclerotic disease at autopsy.
Third, it has been calculated that substantial amounts of cholesterol are released from
microvessel related intraplaque haemorrhages (derived from erythrocyte cell membranes),
which increases the lipid mass inside the lesion, and again increases vulnerability.
Altogether, acute effects of microvascular pathology (haemorrhages) are on the average not so
dramatic as for example plaque ruptures or surface erosions that lead to lumen thrombus, but
they certainly contribute to the atherosclerotic process in terms of (rapid) expansion of plaque
volume and increasing plaque vulnerability.

The Homozygous LDL Receptor Deficient Swine Predicts Efficacy Following DES
Implantation: A Prospective Endovascular Imaging Feasibility Study.
Armando Tellez1, Christian G. Krueger2, Michael Aboodi1, Yanping Cheng1, Shigenobu Inami1,
Genghua Yi1, Jennifer McGregor1, Tom Crenshaw2, Jess D. Reed 2, Greg L. Kaluza1, Juan F.
Granada1
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Skirball Center for Cardiovascular Research, Cardiovascular Research Foundation, New York,
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Background: To date, most of coronary DES technology is tested using the normal juvenile
swine model. Although reliable in demonstrating the safety profile of these devices, this model
has not been particularly useful in demonstrating device efficacy. In this study, we aimed to
compare the vascular response occurring following DES implantation in the homozygous LDL
receptor deficient swine (FHS) compared to weight-matched domestic swine controls (DS).
Methods: A total of 25 coronary (11 Taxus stents, 14 BMS stents) and 22 peripheral stents (11
Paclitaxel eluting stents and 11 BMS stents) were implanted in 12 swine (6 DS versus 6 FHS)
using a 10% overstretch ratio. All animals were fed with regular cholesterol diet to the
completion of the study. At 28 days follow up, OCT analysis was performed in the coronaries and
IVUS analysis in the peripheral arteries. Stents were harvested and sent for histological
evaluation.
Results: At sacrifice the mean LDL cholesterol levels were 415±45 mg/dl in the FHS group and
100±14 mg/dl in the DS group (P=<0.001). In the DS group, the neointimal area measured with
OCT in the coronary arteries was similar between the two stent types (BMS=21.9%±10% versus
DES=16.9%±8%; P=0.1). To the contrary, in the FHS group, there was more than 50% reduction
in neointimal area compared to the DS controls (BMS=25.4%±12% versus DES=11%±3%;
P=<0.001). In addition, OCT analysis of both DES groups demonstrated complete strut coverage
in the DS group compared to 86% coverage in the FHS group (P=<0.001). In the peripheral
arteries, IVUS analysis showed similar neointimal areas in both stent types in the DS group
(BMS=6.3%±9.2% versus DES=4.8%±6%; P=0.9) compared to a more than 50% reduction in the
FHS group (BMS=6.5%±2.6% versus DES=2.9%±1.5%; P=0.015).
Conclusions: The FHS seems to provide a more favorable vascular environment for the testing of
DES technologies compared to the DS. In this particular model, the hyper-proliferative effect
commonly seen in the juvenile DS appears not to be present, allowing the evaluation of efficacy
outcomes following DES implantation. Histological correlates among groups will be presented at
the meeting.

Title:
Quantification of carotid adventitial Vasa Vasorum. The role of HDL cholesterol.
Background:
Vasa Vasorum(VV) neovascularization may precede artery wall thickening, and consequently
the quantitative study of carotid VV may become an early marker of atherosclerosis.
The aim of the study is to analyze carotid VV in 324 type 2 diabetes mellitus(DM) patients
compared to 141 non‐diabetic subjects.
Methods:
We performed a cross‐sectional study based on the exam of contrast enhanced carotid
ultrasound. Procedures of both carotid ultrasound acquisition and images analyses have been
standardized and validated both in vitro and in vivo. Briefly, a single operator injected a bolus
of 0.5cc of microbubbles and cine loops of the carotid arteries were recorded. The end‐point
variable is the far wall of the common carotid artery, at both sides. We used a semi‐automated
software (specialized AutoIMT, GE Haifa, Israel), which output the VV ratio (Adventitial
VV/Lumen intensity, Figure 1). Diastolic images were measured with frame‐averaging
(accumulation mode). Clinical examination and laboratory variables were also recorded.
Univariate and multivariate statistical analyses were applied.
Results:
Participants in the study did not differ either in terms of age (59.9‐60.2 years‐old) or gender
distribution (61‐65.9% of males). The group of participants without diabetes presented with
significantly higher values of LDL, HDL and total cholesterol (p<0.0001), due to a higher rate of
statin prescription in the group of subjects with diabetes (55% vs.14.9%, p<0.0001). VV
analyses evidenced a significantly higher VV ratio in the group of diabetes [1.59(0.38) vs. 0.79
(0.24), p<0.0001]. In the multivariate analyses, gender, diastolic blood pressure and the
concentration of HDL cholesterol was significantly related to VV ratio in both groups of
participants.
Conclusion:
Patients with DM have higher carotid VV ratio than controls and the concentration of HDL
cholesterol exerts a significant influence.
Blai Coll, MD, PhD.
Coordinador Unitat de Diagnòstic i Tractament de Malalties
Aterotrombòtiques (UDETMA).
Hospital Arnau de Vilanova. Institut de Recerca Biomèdica.
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Vasa Vasorum and Inflammation: Bench to Beside

Steve Feinstein, M.D., FACC
Professor of Medicine
Rush University Medical Center
Chicago, Illinois, USA
Systemic inflammation provides an overarching concept linking the genesis of
many of today’s most troubling disease, including the metabolic syndrome,
obesity, diabetes, premature atherosclerosis, cancer, and connective tissue
disorders. Specifically, when inflammation processes are localized and associated
with the arterial vessel wall, symptomatic and occlusive events often ensue (heart
attack/stroke). The genesis of clinically relevant atherosclerosis first develops
within the vessel wall. The requisite oxygen demands in the vessel wall exceed the
diffusion capacity. Therefore, in order provide adequate nutrients to the
vasculature, additional arterial/venous conduits are developed; this process is
described as angiogenesis or arteriogenesis (neovascularization-vasa vasorum). A
variety of factors (environmental and genetic) contribute to the initiation and
growth of localized inflammation (atherosclerosis) including chemotactic factors,
such as tissue ischemic and hypoxic factors. Once stimulated, these factors release
a series of vascular endothelial growth factor (VEGF) proteins. Of note,
angiogenesis often precedes formation of luminal morphologic changes (IMT and
occlusive plaque) due to the intrinsic, constitutive requirements of oxygen.
In order to provide a firm scientific underpinning for investigation, we designed a
road map which includes pre-clinical and clinical studies using contrast-enhanced
carotid ultrasound (CECU) for the detection and quantification of intra-plaque and
adventitial neovascularization. Together, The Vessel Wall Biology Research
Group (VWBRG) has collaborated resulting in the development of the following:
(1) an histo-pathology validation study of clinical vasa vasorum, (2) creation of an
experimental model of angiogenesis (FH swine), and (3) establishment of an in
vitro phantom for 3D quantification of IMV and vasa vasorum.
In this presentation, we will describe the collaborative efforts required develop a
contrast-enhanced, 3D volumetric ultrasound system for the detection and
quantification of cardiovascular disease.

Quantification of Plaque Neovascularization During Atherosclerosis Progression
With Contrast Ultrasound: A Histologic Validation
Diego Moguillansky, Andrew Carson, Xucai Chen, Abigail Schwartz, Joan Gretton,
David Fischer, John J. Pacella, Flordeliza S. Villanueva
Background: The density of vasa vasorum (VV) and abnormal neovascularization
(neovasc) within atherosclerotic plaque correlates with histologic features of plaque
vulnerability in post-mortem studies. A method to non-invasively detect VV in vivo
would be clinically useful. Recently, contrast ultrasound (US) has shown potential for
detecting VV and plaque neovasc. However, image parameters that accurately quantify
plaque neovasc require further validation against a histologic standard. We tested the
hypothesis that contrast US can quantify VV during atherosclerosis progression.
Methods: 5 New Zealand white rabbits received a high-fat diet for 3 weeks (wks).
After 1 wk on the diet, bilateral femoral artery stenosis was induced by balloon injury.
Non-linear US femoral imaging (10MHz) was performed at 2, 4, and 6 wks post injury
during iv microbubble injection using destruction-replenishment to quantify blood
velocity (β) and volume as peak videointensity (VI). VI was measured in plaque and
adventitia and normalized to luminal VI. At 4 (n=3), and 6 (n=2) wks post injury, both
femorals were sectioned (total 10 plaques) and stained for von-Willebrand factor (vWF).
Intraplaque and adventitial VV were quantified by counting the number of stained
microvessels. Plaque size (% lumen area) was measured from histology.
Results: Data were analyzed at 4 and 6 wks post injury, when plaque was detectable
by US. Plaque progressed between 4 (48±26%) and 6 wks (98±3%, p<0.01), as did
total number of VV (adventitial + plaque) (p<0.01). Peak plaque VI was higher at 6 wks
(0.9±0.2) vs 4 wks (0.6±0.1, p=0.06). The number of plaque neovessels linearly
correlated to peak VI (r=0.83, p<0.003). Similar correlations existed for adventitial VV
density vs. adventitial VI (r=0.80, p<0.006). β did not predict extent of VV.
Conclusions: We have validated an in vivo approach using contrast US that tracks
pathologic neovasc in atherosclerotic plaque. This provides a unique research tool to
gain new insight into plaque biology in real time. Because neovasc appears to predict
plaque vulnerability, our data also suggest that this imaging technique could offer a
powerful clinical approach to stratify cardiovascular risk and follow responses to therapy
in patients with atherosclerotic disease.

Diagnosis of prostate cancer – Imaging techniques
C.H. Bangma, MD PhD, S. van den Heuvel, MD
Dept. of Urology
Erasmus Medical Centre, Rotterdam
Carcinoma of the prostate gland is the most common malignant cancer in men. Currently,
the main diagnostic tools include digital rectal exploration (DRE), serum concentration of
prostate specific antigen (PSA) and transrectal ultrasonography (TRUS) (Geber and Chodak
1991). The reference standard for definitive diagnosis of prostate cancer is ultrasound-guided
biopsy followed by histopathological analysis. This procedure is invasive and produces a high rate
of false negatives resulting in the need for repeated biopsies (EAU guidelines). Biopsies are taken
systematically from all regions of the prostate, but this is without an imaging technique that
allows us to actually visualize areas suspicious of cancer (Raja, Ramachandran et al. 2006). The
total number of biopsies is dependent on the prostate volume and it relies on probability alone to
detect cancer.
It is against these backdrops the search for new methods to diagnose prostate cancer
continues. Imaged based approaches represent a major research trend for diagnosis of prostate
cancer. We will review the status of imaging platforms most likely to succeed in helping us
discriminate the cancer lesion from the heterogeneous histological background of the prostate
(MRI, contrast enhanced ultrasound, real time elastography and prostate Histoscanning).

COVALENT COUPLING OF TARGETING LIGANDS TO THE MICROBUBBLE
SURFACE: DESIGN LOGIC FOR scVEGF-MICROBUBBLES.
Christopher R. Anderson1, Joshua J. Rychak1, Joseph M. Backer2,
Marina V. Backer2, Klaus Ley3, Alexander L. Klibanov4,
1
Targeson LLC, Charlottesville VA; 2SibTech Inc, Brookfield CT; 3La Jolla Institute for Allergy
and Immunology, La Jolla, CA; 4University of Virginia, Charlottesville VA 22908.
Targeting of microbubbles via selective ligands is being widely investigated as a novel
tool in molecular imaging. Most of the experiments are performed with the microbubbles that are
outfitted with a streptavidin bridge. Such streptavidin bubbles are incubated with biotinylated
ligands; after formation of noncovalent complex the particles are administered intravenously.
Major successes with targeted microbubble imaging have been reported with this approach [1]. A
significant advantage in using streptavidin-biotin interaction for ligand-bubble conjugation is the
availability of a wide variety of biotinylated ligands. Targeted microbubble-ligand complexes
with the desired ligands can be easily and quickly prepared immediately prior to the
administration to experimental animals.
The problem with this approach is the use of streptavidin, a protein from Streptomyces
avidinii, which is unlikely to be approvable as a component for an imaging agent for parenteral
administration in humans. Streptavidin, as a foreign protein, may elicit an unwanted immune
response in humans or experimental animals, which may lead to major complications in case of
repeated injections. Therefore, covalent attachment of targeting ligands to the microbubble shell
using biocompatible chemistries becomes a more reasonable option.
Routinely, for covalent coupling of protein ligands the reaction of activated carboxylic
groups on the particle surface with the primary aminogroups of lysines within the polypeptide
chain is applied. This approach works very well for liposomes, micelles and nanoparticles.
However, the equivalent bulk concentration of carboxyl groups on nanoscale particles is
typically several orders of magnitude higher than in the case of microbubbles. Therefore, the
reaction rate and coupling efficacy are reduced, which may become critical for the effective
coupling of very expensive ligands, such as monoclonal antibodies. To achieve a reasonable
antibody/bubble coupling ratio, large excess of the antibody had to be applied [2]. Another
disadvantage of the aminogroup coupling approach is in the random character of coupling.
Protein molecules typically possess a number of lysine residues exposing primary aminogroups
at the globule surface. Some of these residues may be located closely to the functional (binding)
site of the protein molecule; covalent modification of these sites may inactivate the protein. This
problem is especially manifested in case of VEGF-based ligands, an important high-affinity
ligand to VEGF Receptor 2; this receptor is strongly upregulated on the surface of endothelial
cells in the tumor vasculature [3].
We have prepared microbubbles outfitted with maleimide and pyridyldithiopropionate
functional groups, to achieve selective attachment of thiolated ligands. Microbubbles were
prepared by the standard sonication technique from decafluorobutane gas and stabilized with the
shell consisting of phosphatidylcholine and PEG stearate. For covalent coupling, maleimidePEG-phosphatidylethanolamine
or
pyridyldithiopropionyl-PEG-phosphatidylethanolamine
(Avanti Polar Lipids, Alabaster, AL) were included as well. Microbubbles were stored
refrigerated, then washed by repeated centrifugal flotation in degassed saline, to remove excess
unincorporated lipid stabilizers, and thiol-carrying ligand added.

Initially, as a model example, we applied BODIPY-FL-Cystine fluorescent dye
(Invitrogen, Carlsbad, CA) for coupling with maleimide-carrying bubbles. This model dye
molecule is a dimer, with a disulfide bond between the two amino acid residues. For the
generation of free reactive thiol the disulfide bond was reduced by the addition of tris(2carboxyethyl)phosphine (TCEP reducing gel, Pierce, Rockford, IL) to the reaction mixture.
Successful dye attachment can be observed by fluorescence microscopy of the resulting
microbubbles. The advantage of TCEP as a disulfide-reducing agent is in the lack of the
unwanted side reaction with maleimide; however, TCEP reduction may act in a random
nonspecific manner, reducing other disulfide bonds necessary for the maintenance of the native
conformation of the protein.
For the oriented coupling of VEGF to microbubbles, a single-chain variant of the
molecule (242 amino acids, Sibtech Inc, Brookfield, CT) outfitted with a Cys-tag fragment was
applied. The cysteine located within the Cys-tag fragment of scVEGF can be selectively reduced
by a small excess of dithiotreitol, without the reduction of the disulfide bonds responsible for the
active protein conformation. So this approach generates the thiol in the protein domain located
away from the binding site of the molecule. Therefore, covalent coupling to the bubble surface
would not result in a significant protein inactivation.
Maleimide-bubbles or PDP-bubbles were incubated with thiol-scVEGF; free ligand was
removed by centrifugal flotation. Resulting conjugates were carrying nearly 105 VEGF
molecules per bubble, as determined by a sandwich ELISA test after microbubble destruction.
This demonstrates that at least two epitopes of VEGF remained intact after coupling, suggesting
native conformation of the immobilized VEGF.
Functional testing of scVEGF-microbubbles was performed in vitro by testing bubble
adhesion to VEGFR2-carrying surfaces. A fusion protein of VEGFR2 is available commercially
and can be attached to a flow chamber target surface. Selective binding of scVEGF-targeted
bubbles to VEGFR2-coated surface, but not to the control casein-blocked surface, was
demonstrated by microscopy and confirmed by ultrasound imaging in vitro.
Testing of the ability of scVEGF-microbubbles to achieve targeted ultrasound imaging of
the VEGF receptor on the surface of vascular endothelium is most appropriate to perform in the
subcutaneous murine solid tumor models; location of tumor allows direct placement of imaging
transducer in close proximity to the region of interest, avoiding tissue attenuation. VEGFtargeted microbubbles were observed by ultrasound imaging. They accumulated in the target
tumor tissue significantly more efficiently than the control nontargeted bubbles, confirming the
usefulness of this contrast agent for ultrasound molecular imaging of neovasculature.
Supported in part via NIH 1R43EB007857.
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Abstract
Background: An in-house, lipid-based, targeted microbubble ultrasound contrast
agent for use with high-frequency intravascular ultrasound (IVUS) is currently being
developed at Edinburgh University. The agent will eventually be targeted to
atherosclerotic plaque within the coronary arteries as a means to assess the extent and
stability of coronary heart disease. This agent has been optimised for use with a
40MHz IVUS catheter. Previously a flow chamber has been developed and calibrated
to assess the attachment of the in-house agent at wall shear stresses (WSS) up to 50Pa,
measured experimentally by means of laser Doppler anemometry.
Aims: To assess the strength of an avidin-biotin link binding the in-house agent to a
surface by measurement of shear stresses.
To investigate methods in which to attach cells within the flow chamber as a means of
investigating strength of attachment of microbubbles to cells.
Methods: Microbubbles incorporating 5% biotin by mass were produced in-house
and attached to strips of streptavidin coated agar. The strips of agar were then placed
in the flow chamber and IVUS images of the attached microbubbles were collected
for WSS values from 0 to 40Pa. The radio-frequency (RF) data from the IVUS
images was collected and analysed to give a backscatter value from the attached
microbubbles.
SK-Hep 1 cells were seeded onto both plain and collagen coated polyester Mylar®
membranes. These membranes were then assessed with IVUS both with and without
cells, and RF data analysed to quantify their echogenicity.
Results: The in-house microbubbles have been shown to remain attached to agar via
an avidin-biotin link up to shear stresses of 40Pa, although a decrease in the
echogenicity of the attached microbubbles can be seen with increasing WSS.
However the mean backscatter value for attached microbubbles at 40Pa WSS; (36±5)dB, is still greater than the expected backscatter from agar alone; (-43±2)dB,
suggesting that some bubbles remain attached to the agar above expected
physiological WSS of 3.5Pa (Figure 1). It was also found that microbubbles remain
attached under a WSS of 0.4Pa for up to 2.5 hours as illustrated in Figure 2; this has
also been verified visually. Cells seeded onto collagen coated membranes were found
to have a mean backscatter of (-30±2)dB.

Conclusions: The high-frequency, in-house microbubble has been shown to remain
attached to an agar surface via an avidin-biotin link up to WSS values of 40Pa which
are significantly greater than physiological WSS values of up to 3.5Pa and of an order
with peak WSS observed in mice of 40-79Pa.
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Figure 1: Average backscatter data at varying WSS.
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Differential expression of E- and P-Selectin assessed by molecular
contrast ultrasound imaging in rodent inflammatory models
Bettinger T., Costa M., Emmel P., Helbert A., Pagnod-Rossiaux S., Yan J.#, Broillet
A., Bussat P., Tardy I., Schneider M.
Bracco Research S.A., Geneva, Switzerland
#
Bracco Research USA, Princeton, USA
Introduction: Molecular imaging has emerged as an important tool, allowing
researchers to non-invasively monitor longitudinally the expression of biomarkers in
animals. The objective of the present study was to assess the potential of targeted
ultrasound contrast agents (TUCA) for performing molecular imaging in the context of
inflammation, and in particular to determine the expression of two biomarkers: E- and
P-Selectin.
Materials & Methods: A newly developed ultrasound contrast agent kit based on
streptavidin-bearing microbubbles (Visualsonics MicroMarker, Target-Ready Contrast
Agent, Toronto, Canada) was functionalized either with biotin-conjugated P-selectin
antibody (RB40.34 clone for mouse, LYP20 clone for rat), biotin-conjugated ESelectin antibody (AF977, R&D System for both mouse and rat), or biotin-conjugated
isotype control antibodies (Figure 1). In vitro binding efficiency was assessed in a
parallel plate flow chamber (FCS2, Bioptechs) on coating of recombinant protein
(mouse Fc-P-Selectin, and mouse and rat Fc-E-Selectin, supplied by R&D System).
In vivo binding efficiency of functionalized microbubbles was assessed in mice and
rats inflammatory models. Inflammation was induced in the hind limb of mice and rats
by i.m. injection of tumour necrosis factor-alpha (TNF-α) or lipopolysaccharide (LPS),
respectively. Randomized boluses of targeted or control bubbles were administered
in the tail vein (mice) or jugular vein (rat). Bubbles accumulation was measured
10 min after their injection with the Siemens Sequoia ultrasound scanner (CPS mode,
7 MHz, MI of 0.25) 24 hours after the onset of inflammation. Echo signal was
expressed as linearized echo power values (rms2). Expression of inflammatory
markers was assessed in mice and rats by immunohistochemistry. Tissues were
cryosectioned, and stained using primary antibodies against with E- and P-Selectin.
The sections were then incubated with biotin-conjugated secondary antibody and
finally with the ABC standard peroxidase staining kit (Pierce). Aminoethyl carbazole
(Zymed) was used as chromagen.
streptavidin
biotin
antibody

Figure 1 : Schematic representation of the preparation antibody-microbubbles conjugate, based on
the streptavidin-biotin interaction

Results: The binding ability of E- and P-Selectin specific TUCA was assessed in vitro
in a flow chamber set up on coating of recombinant protein. Antibodies promoted
bubbles adhesion under flow conditions (shear rate of 114 s-1), with a rate of bubbles
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accumulation per minute (rba/min) ranging from 5 to 6. The binding was shown to be
specific as measured by competition experiments.
Then, microbubbles were administered i.v. 24 h after the onset of inflammation in
mouse or rat inflammatory models. Strong binding was observed in the inflamed hind
limb of mice as opposed to the contralateral healthy muscle with P-Selectin-specific
TUCA, whereas very low and no binding was observed with E-Selectin- or control
TUCA, respectively (Figure 2). Binding specificity was shown by performing
competition experiments with the free antibodies.
control

E-Selectin

P-Selectin

Figure 2 : Signal enhancement in the TNF-α-induced inflamed hind limb of mice after administration
of microbubble preparations containing either isotype control, anti E-, or anti P-Selectin antibody.

In contrast, in the rat inflammatory model both E- and P-Selectin specific-TUCA were
able to bind to the inflamed muscle, to a similar extent, and very low bubbles
accumulation was measured for control microbubbles (Figure 3).

control

E-Selectin

P-Selectin

Figure 3 : Signal enhancement in the LPS-induced inflamed hind limb of rat after administration of
microbubble preparations containing either isotype control, anti E-, or anti P-Selectin antibody.

Immunohistochemistry (IHC) on mouse inflamed tissues, revealed that P-Selectin
was expressed with a very low staining of the E-Selectin marker (Figure 4).
P-selectin

E-Selectin

Figure 4 : Immunohistochemistry in inflamed mouse hind limb performed 24 h following TNF-α
injection. These experiments demonstrate that P-Selectin was expressed in microvessels. In contrast
very low E-Selectin staining was observed.

IHC performed in the inflamed rat muscle revealed that both the E- and P-Selectin
were present in the inflamed vasculature.
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Figure 5 : Immunohistochemistry in inflamed rat hind limb performed 24 h following LPS injection.
These experiments demonstrate that both E- and P-Selectin were expressed in microvessels.

These results are in agreement with the molecular imaging experiments, and further
support the use of TUCA as a mean to image the expression of vascular marker.
Conclusion: Our study shows the ability of TUCA for monitoring the presence or
absence of vascular biomarkers. This is particularly important, for example, in the
context of treatment follow up in patient suffering from inflammatory diseases, where
reducing the inflammatory markers expression is compulsory. Molecular ultrasound
imaging has also the potential to become a powerful tool for pre-clinical studies of
new drugs.

Nonlinear Contrast Agent Imaging with a High Frequency Linear Array Based System:
Design Considerations and Initial Results
A. Needles1, J. Mehi1, M. Arditi2, P. Frinking2, D. Hirson1, F.S. Foster3
1. VisualSonics Inc., Toronto, Canada
2. Bracco Research, Geneva, Switzerland
3. Sunnybrook Health Sciences Centre, Toronto, Canada

We have previously presented a real-time Subharmonic (SH) imaging mode (Needles et al. IEEE UFFC
Symposium, 2007) on a high-frequency micro-ultrasound system based on a single element transducer
(Vevo770TM with an RMV-710B probe, VisualSonics). Recently, a 256 element linear array based
system, operating with 64channels, has been developed. This talk will focus on the proposed design of a
nonlinear contrast specific mode on this array based system, paying particular attention to the challenges
faced in high-frequency contrast studies, with comparisons made to the original single-element
implementation of SH imaging. A description of the array transducer, beamforming techniques, digital
sampling and signal processing will be given, along with preliminary in vitro results.
A modified HF ultrasound scanner (Vevo2100TM,VisualSonics) was operated at 24 MHz. A 21 MHz
centre frequency, 256 element, linear array transducer (MS-250, VisualSonics) was used for imaging. The
system was operated over a range of transmit pressures (500 kPa – 1MPa) with a narrowband pulse (6
cycles). In vitro phantom imaging was conducted in a polyvinyl alcohol (PVA) cryogel phantom.
MicroMarkerTM (VisualSonics, Toronto) contrast agent was flowed at 30 mm/s through a 1 mm wide
vessel cast in the PVA material. The system was operated with four pulse sequences: normal, pulseinversion (PI), amplitude-modulation (AM), and pulse-inversion with amplitude-modulation (PIAM). In
the cases of AM and PIAM every other pulse was half the amplitude of the preceding one. Each pulse
sequence had 4 pulse firings per line. The data was sampled in baseband quadrature at 42 MHz with a
novel scheme to extend the sampling bandwidth beyond that used in the system’s standard B-Mode. The
pulse sequences were used to isolate nonlinear bubble signal at the SH frequency (12 MHz). In the case of
AM and PIAM, additional nonlinear signal was also present at the fundamental frequency (24 MHz) as
well as at the SH. Additionally, the signals were digitally bandpass filtered, about either the SH frequency
band (10-14 MHz) or the SH+fundamental band (10-26 MHz), after performing receive processing for the
particular pulse sequence. For all cases the signal power was estimated, in a region within the vessel
containing microbubbles or within the PVA material adjacent and at the same depth, and the contrast-totissue-ratio (CTR) was calculated.
SH bandpass filtering of the processed signals (PI, AM, and PIAM) produced the highest absolute CTR of
18-21 dB, or a 11-14 dB improvement relative to the unprocessed and unfiltered raw signal (CTR = 7
dB). The main tradeoff in this case, however, was that signal bandwidth was limited. Despite the fact that
AM and PIAM processing allowed microbubble detection from nonlinear components at the fundamental
in addition to the SH, they had poorer tissue suppression than the PI case. With bandpass filtering around
the SH+fundamental band the absolute CTR of the AM cases was 13-16 dB, or a 6-9 dB improvement
relative to the unprocessed and unfiltered raw signal. There was no appreciable difference between the
AM and PIAM results. All results are summarized in Table 1 below. Despite the lower CTR in AM and

PIAM the bandwidth was improved over PI with SH bandpass filtering. Compared to PI imaging without
SH bandpass filtering, AM and PIAM provided a higher CTR.
Work is ongoing to optimize the system performance and ultimately improve upon these reported CTR
values. These initial in vitro results are comparable to the original single-element implementation.
However, the fact that the array-based system has the ability to do pulse sequencing, multiple transmit
focusing with a variable transmit f-number, along with dynamic receive focusing, it is expected to make
this a more robust nonlinear contrast imaging mode for in vivo small animal imaging, particularly at
deeper depths (> 6 mm), and in regions outside of the fixed geometric focus; areas which represented
limitations in the single-element mode.

PI

AM

PIAM

SH Band-pass filter
(10-14 MHz)

18-21 dB

18-21 dB

18-21 dB

SH+Fund Band-pass filter
(10-26 MHz)

< 13 dB

13-16 dB

13-16 dB

Table 1 – Absolute CTR Enhancement

Polymeric tunable acoustic contrast agents
R.P. Berti, M. Santin, S.L. Bridal, N. Taulier and W. Urbach
Laboratoire d'Imagerie Paramétrique, UPMC Paris 6, CNRS UMR 7623, France
E. Pisani, R. Díaz-Lópeza, N. Tsapis, and E. Fattal
Laboratoire de Pharmacie Galénique, Université Paris 11, CNRS UMR 8612, France
G. Haïat
Laboratoire de Biomécanique et Biomatériaux Ostéo-Articulaires, Université Paris 12, CNRS
UMR 7052.
Abstract.
We developed a simple and efficient method for engineering versatile Ultrasound Contrast
Agents (UCA) with enhanced stability that can be used for ultrasonography. These contrast agents
are prepared according to a modified emulsification-evaporation process that produces polymeric
capsules, made of the biodegradable and biocompatible poly (lactide–co–glycolide) polymer
(PLGA), encapsulating a liquid core composed of perfluoro-octyl bromide (PFOB).
The preparation method allows to adjust the capsule size from 70 nm to 25 μm and the
capsule thickness to radius ratio between 0.25 and 1.
The in vitro ultrasound signal-to-noise ratio (SNR) was measured at 50 Mhz for 6 µm and
150 nm capsules: the SNR increases with capsule concentration up to 20–25 mg m/L, and then
reaches a plateau that depends on the capsule diameter (13.5 ± 1.5 dB for 6 µm and 6 ± 2 dB for the
150 nm capsules). The ultrasound SNR is stable for up to 20 min for microcapsules and for several
hours for nanocapsules. For nanocapsules, the thinner the shell, the larger the SNR. For
microcapsule the opposite behavior is observed. Nanocapsule suspensions imaged in vitro with a
commercial ultrasound imaging system (normal and tissue harmonic imaging modes, 7–14 MHz
probe) were detected down to concentrations of 12.5 mg/mL. Injections of nanocapsules (200
mg/mL) in mice in vivo reveal that the initial bolus passage presents significant ultrasound
enhancement of the blood pool during hepatic imaging (7–14 MHz probe, Tissue Harmonic
Imaging mode).
For targeting purpose, the surface chemistry of these UCA particles can be modified by
incorporating phospholipids (fluorescent, pegylated, and biotinylated phospholipids) in the organic
phase before emulsification. Microscopy shows that phospholipids are present within the shell and
that the core/shell structure is preserved up to 0.5 mg fluorescent phospholipids, up to about 0.25
mg pegylated phospholipids or biotinylated phospholipids (for 100mg of polymer, poly(lactide-coglycolide) (PLGA). HPLC allows quantifying phospholipids associated to capsules: they
correspond to 10% of pegylated phospholipids introduced in the organic phase. The presence of
pegylated lipids at the surface of capsules was confirmed by X-ray photon electron spectroscopy
(XPS). The pegylation did not modify the echographic signal arising from capsules.
In order to explore the dependence of the ultrasonic parameters to the various UCA physical
parameters (concentration, membrane thickness and material properties of the capsule), we
performed two-dimensional Finite Difference Time Domain numerical simulations of ultrasound
propagation in a solution of different microparticles mimicking UCA at 50 MHz. The speed of
sound, the attenuation coefficient, and the relative backscattered intensity were extracted from our
simulations. We found a good agreement between the numerical and experimental results for
various microparticles.
In conclusion, these results show that these polymeric capsules are suitable ultrasound
contrast agent and can be easily modified for targeted therapy or molecular imaging purpose.
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Delivery of Encapsulated Doxorubicin for Sustained Intratumoral Release by Localized Size
Reduction of Polymeric Ultrasound Contrast Agents
J.R. Eisenbrey, M.C. Soulen, M.A. Wheatley

Ultrasound contrast agents (CA) are comprised of gas microbubbles stabilized by a shell. The
benefits of ultrasound (US) and of CA cavitation to drug delivery are well documented and
include an increase in drug efficacy due to increases in both epithelium and cellular membrane
permeabilities. Upon reaching the desired site (generally a solid tumor) the agent is expected to
undergo cavitation and rupture under the focused US. Subsequently, CA cavitation, acoustic
radiation forces, and the phenomenon of enhanced permeation and retention effect (EPR) is
expected to increase tumor uptake of any circulating nano‐sized fragments that are produced,
potentially providing a sustained, intratumoral release of any drug associated with the
fragments.
A poly lactic acid (PLA) CA has been developed for drug delivery containing doxorubicin (Dox)
within the thickness of the shell (100‐200 nm). This agent is stable during circulation and shown
to provide US contrast both in vitro and in vivo. The agents have been optimized to
encapsulate Dox within the shell, while maintaining high sensitivity to US. Prior to sonication
these agents have a mean diameter of 1.8 µm, restricting them to the vasculature until they
interact with US, after which they reach an average size of 200‐400 nm in vitro. In vitro studies
have shown these Dox eluting species can be forced through 0.4 µm membranes during
ultrasound triggered generation, demonstrating feasibility for a PLA‐Dox CA platform to deliver
a sustained, intratumoral dose of chemotherapeutic as the polymer degrades.
In vitro studies have also shown these CA become significantly more potent to cancer cells after
sonication, nearly doubling the degree of cell death compared to non‐insonated CA (p=0.0272).
In vivo imaging studies indicate that the agent is easily detectable using Doppler US and
penetrates well into the vasculature of solid tumors. Studies using VX2 tumors in rabbit liver
have shown the activated platform results in substantial increases in intratumoral drug levels
within the tumor with over a 100% increase in delivery efficiency compared to the non‐
insonated platform (p=0.004). Additionally, encapsulation with the CA has shown to drastically
decrease toxicity within the healthy liver and blood pool relative to traditional chemotherapy or
the non‐insonated platform. Drug elution rates of ruptured DOX‐PLA CA and penetration of
these species through vascular membranes in vitro are currently being investigated. These
results show promise for a non‐invasive platform of delivering drug‐eluting species to the
tumor interstitium.

In vitro gene transfer into CHO cells with electro-sonoporation
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Among the nonviral techniques of gene transfer, two physical methods based
on the use of electric fields and ultrasound have been widely developed mainly for
their simplicity, inexpensiveness and safety. Both are based on a rapid destabilization
of cell membrane (1, 2). To upregulate the expression levels of transfected gene, we
investigated the applicability of electro-sonoporation, which consists of a combination
of electric pulses and ultrasound assisted with gas microbubbles, for gene transfer
using plasmid vector encoding enhanced Green Fluorescent Protein.
CHO cells were firstly submitted to electric field (10 pulses, 5 ms, 1Hz, 0.7
kV/cm) with plasmid DNA at a concentration of 20 µg/mL. Before sonoporation, the
cells were washed from eventual excess of plasmid DNA and then sonoporated at
the pressure of 600 kPa, 2 minutes insonation at 10 kHz pulse repetition, in presence
of BR14 microbubbles (Bracco Research, Geneva) at a concentration of 20 bubbles
per cell. Gene expression was analyzed 24h later, with flow cytometry and
fluorescence microscopy. CHO cells that received electro-sonoporation
demonstrated a 4 fold increase in transfection level (i.e. percentage of eGFP
positives cells) and a 6 fold increase in transfection efficiency (i.e. associated
fluorescence intensity) compared to CHO cells having undergone electroporation
alone. Moreover, kinetics of expression demonstrated that fluorescence was detected
much earlier with sonoporation than with electroporation. Using a TOTO-1 labelled
DNA, fluorescent images showed that electroporation induced the interaction of the
DNA with the cell membrane while sonoporation induced direct propulsion of the
DNA into the cell cytoplasm and nucleus (see figure).
Electropermeabilization process is known to be a multi-step process including
the transient interaction of DNA with the electropermeabilized membrane before its
entrance into the cells (3). Sonoporation process is known to allow the direct and free
entrance of plasmid DNA into the cells (4).
The data reported in this study suggests that sonoporation can affect the
transfer of the fluorescently labelled-DNA in interaction with electropermeabilized
membrane by allowing its free and rapid entrance into the cells. Therefore,
transfection improvement as achieved with sonoporation after the electroporation
could be ascribed to the increase of DNA accessibility into CHO cells. These results
demonstrated that in vitro gene transfer by electro-sonoporation could provide a new
potent method for gene transfer.

10 µm

10 µm

Fluorescent microscopy images of electroporated (left) and sonoporated (right) CHO cells.
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A Bioactive Ultrasound Contrast Agent: Signal Transduction Induced by TRAILConjugated Microbubbles
Kelleny Oum Ph.D and Margaret A. Wheatley PhD
School of Biomedical Engineering, Science & Health Systems, Drexel University,
Philadelphia, PA
Tumor necrosis (TNF)-related apoptosis-inducing ligand (TRAIL) is a member of the
TNF family of cytokines that promotes apoptosis. TRAIL induces apoptosis via death
receptors (DR4 and DR5) in tumor cells but not in normal cells. We have developed a
novel dual action ultrasound contrast agent (CA) that acts both to image and initiate
signal transduction in a target lesion. The biodegradable, polymeric, hard-shelled
microbubble CA is produced using a double emulsion method that results in a hollow
gas-filled sphere which reflects impinging ultrasound beams to enhance ultrasound
images. The CA is designed to induce death in cancer cells by the surface ligation of
TRAIL to the microbubbles via a thoil-conjugation procedure. When exposed to the
TRAIL-bound microbubbles, significant apoptosis was observed in vitro in both
OVCAR-3 human ovarian cancer and A2058 human melanoma cancer cell models over a
24 hour period. Apoptosis of A2058 cells by TRAIL-bound microbubbles was further
enhanced by the addition of a proteasome inhibitor. Apoptosis was markedly lower in
cells incubated with unmodified microbubbles. The apoptotic abilities of TRAIL were not
hindered by its conjugation to the microbubbles. Potential applications of this approach
may include the simultaneous ultrasound imaging and treatment of malignant tumors,
especially if further adapted to a nano-scale contrast agent platform, or administered in
conjunction with adjuvant chemotherapeutics such as proteasome inhibitors.

An ultrasound contrast agent against P-Selectin detects activated platelets at
supra-arterial shear flow in an ex vivo model
F. Günther1 (MD), E. Ferrante2 (PhD), C. Bode1 (MD), C. von zur Muhlen1 (MD), A.
Klibanov2 (PhD)
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Introduction
Ultrasound molecular imaging of atherosclerosis offers a promising approach to noninvasive detection and assessment of this disease, whereupon activated platelets on
the surface of ruptured, inflamed and unstable plaques are of special interest.
However, the size of the microbubbles (2-4 μm in diameter) has been a problem
concerning firm adhesion under high shear flow. The aim of our study was the
construction of a contrast agent that binds under high shear flow using targeting
molecules like the selectin ligand sialyl Lewis a (sLea), which mediate the adhesion of
cells to endothelium under high shear flow in vivo.

Methods
Microbubbles were composed of a gaseous decafluorbutane core encapsulated by a
lipid shell of distearophosphatidylcholine that was coated by polyethylene glycol
(PEG). Targeting was achieved by coupling sLea to the PEG molecules using a
streptavidin biotin system. As negative control, a saccharide with the same molecular
weight was used. Platelets were isolated from citrate blood of healthy volunteers,
activated by ADP and incubated on fibrinogen-coated petri dishes. As further
negative control, fibrinogen-coated dishes without platetes were used. Microbubble
adhesion was assessed by using an inverted parallel plate flow chamber. A
withdrawal syringe pump created a shear flow of 5, 10, 15, 20, 30 and 40 dyne/cm²,
respectively. Adherent and passing microbubbles were counted at each shear flow (1
minute, field of view 400 x 300 μm).

Results
Microbubble capture efficiency was 15.09% at a shear flow of 5 dyne/cm² (4.36% ±
SEM), 8.34% at 10 dyne/cm² (SEM ± 0.57%) 5.85% at 20 dyne/cm² (0.19% ± SEM),
4.66% at 30 dyne/cm² (0.04% ± SEM) and 3.85% at 40 dyne/cm² (SEM ± 0.61%)
(see also graph, n = 3). In the control dishes, microbubbles didn’t show any adhesion
at all. Furthermore, there was no adhesion of neither sLea nor control bubbles on
solely fibrinogen-coated dishes. This demonstrates significant and highly specific
binding of the sLea bubbles, even under supra-arterial flow conditions.

Conclusion
Targeting of microbubbles with the selectin-ligand sLea seems to be a promising and
effective strategy for the construction of ultrasound contrast agents against activated
platelets. Thus, non-invasive imaging of activated platelets on the surface of ruptured
or inflamed atherosclerotic plaques can be performed.

Initial Characterization of Polymeric Microbubbles Produced With
A Double Emulsion Technique
Sophie Hernot1, Bernard Cosyns1,2, Steven Droogmans1,2, Bram Roosens1,2, Nick
Devoogdt1,3, Vicky Caveliers1,4, Alexander Klibanov5, Tony Lahoutte1,4
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Introduction: Ultrasound contrast agents, especially polymeric microbubbles, are
promising tools for drug delivery due to their capacity of targeted and triggered drug
release. A double emulsion technique permits the incorporation of both lipophilic and
hydrophilic drugs, compared to other methods mainly allowing the encapsulation of
lipophilic drugs. The encapsulation of therapeutic Nanobodies, stable camel-derived
antibody fragments, and their local release would increase their therapeutic efficiency.
The aim of the present study was the development and initial characterization of
polymeric microparticles containing Nanobodies.

Material & Methods: Polymeric (Poly(DL-lactide-co-glycolide acid)) microparticles
were produced by a water-in-oil-in-water double emulsion technique with solvent
extraction, followed by lyophilization. The microbubbles were finally filled with
perfluorocarbon (PFC) gas and resuspended in PFC-saturated physiological aqueous
saline. The size-distribution of the microparticles was measured by laser diffraction
and their surface morphology was examined by scanning electron microscopy (SEM).
The acoustic activity was evaluated in vivo with a S12 transducer (10 MHz/10 MHz,
MI = 0.8). Male Wistar rats (n=3) were injected a bolus of 200 µl of a 20 mg/ml
concentration of microparticles and the increase of contrast in the left ventricle was
measured.

99m

Tc-nanobodies were added to the first water-phase and their

encapsulation efficiency was determined.
Results: The polymeric microparticles have a volume-based diameter of 4.52 ± 1.01
µm and 90% of the particles were smaller than 7.72 ± 0.34 µm. SEM revealed

spherical microparticles having a smooth surface with the presence of ‘weak spots’.
The microparticles were acoustically active and their intravenous injection resulted in
an increase of 14.1 ± 0.6 dB compared to the background level.

99m

Tc-Nanobodies

showed an encapsulation efficiency of 78.3 ± 2.9%.

Conclusion: Polymeric microparticles produced by a double emulsion technique
allow efficient encapsulation of Nanobodies and are acoustically active. Therefore,
they have the potential to serve as ultrasound activatable drug delivery systems for
hydrophilic drugs. However, further experiments are required for a more complete
characterization of these polymeric microparticles.

Evaluation of the anti-angiogenic drugs sorafenib and bevacizumab using Dynamic
Contrast-Enhanced Ultrasonography (DCE-US) and intratumoral pressure
measurements
I Leguerney, S Koscielny, P Péronneau, A Roche, N Lassau
Purpose
The objectives are to compare the efficacy of two drugs, with different administration
schedules.
Material and methods
Sixty B16F10 melanoma, xenografted onto nude mice, were distributed into six 10-mouse
groups defined as: control, sorafenib, bevacizumab, sorafenib then bevacizumab,
bevacizumab then sorafenib, bevacizumab and sorafenib both during 4 days. Volume and
DCE-US investigations were realized with an Aplio sonograph (Toshiba®) before drug
administration and at D2, D4 and D8. After the injection of SonoVue (Bracco®), five contrast
uptake parameters were quantified inside 3 regions of interest in the largest cross-sectional
area of the tumor (total, central, peripheral). Intratumoral pressure measurements (pO2 and IP)
were evaluated with optical fiber probes at the same time and location.
Results
A total of 173 DCE-US were performed corresponding to 519 analyzed contrast uptake
curves. Perfusion parameters analysis shows that the better efficacy seems to be observed in
the group with the 2 concomitant treatments. A total of 134 measurements of pO2 and 172
measurements of IP were performed. Preliminary results obtained with pressure
measurements indicate that central and peripheral IP are well correlated, whereas there is no
clear relation between central and peripheral pO2 values.
Conclusion
This study shows the modifications of perfusion parameters and intratumoral pressures during
tumor growth and administration of drug therapies.

CEUS in the diagnosis of intrahepatic peripheral cholangiocarcinoma (IPCC) in
patients with liver cirrhosis (LC).
Bru C, Vilana R, Biachi L, Gilabert R, Garcia A, Forner A, Bruix J.
Hospital Clínic. Universitat de Barcelona.
Barcelona.Spain.
Nowadays patients with liver cirrhosis are submitted to surveillance programmes in
order to detect hepatocellular carcinomas in an early stage. At the time this policy has
been implemented in most of the countries, an increase in other focal lesions has been
detected in LC.
A relationship between IPCC and HBV and HCV has been recently shown and it is
accepted that the incidence of cholangiocarcinomas had increased in recent years.
There are few data about the enhancement patterns in IPCC with CEUS, and they are
reported to be either non enhanced or enhanced with a peripheral rim in the arterial
phase.
We report the results obtained in 15 patients with LC and a hystologicaly proven
diagnosis of IPCC ( Fine needle biopsy in 15 and surgical resection in 2) . Mean size
was 33 mm , ranging from 15 to 70 mm.
One of the patients was studied for the presence of abdominal pain, while the remaining
14 where detected during screening with US. In the baseline US study, 12 were
hypoechoic and the remaining 3 heterogeneous.
In the CEUS all lesions showed enhancement in the arterial phase: complete in 8 and
annular in 7.
In all the cases a washout was present: in 7 cases during the first minute after contrast
administration, in 3 cases between 1 to 2 minutes and in the remaining 5 cases after 2
minutes.
There was no correlation between the size and the characteristics of enhancement or
washout.
In conclusion, IPCC must be considered in the differential diagnosis of hypervascular
focal lesions in patients with liver cirrhosis. The behaviour mimics the dynamics of the
hypervascular metastases in half of the cases.

Acoustic detection of microbubble resonance
DH Thomas, P Looney, T Anderson, N Pelekasis*, WN McDicken, V Sboros.
Department of Medical Physics and Medical Engineering, University of Edinburgh, Edinburgh, UK
*Department of Mechanical Engineering, University of Thessaly, Volos, Greece.

Acoustic signals from single lipid-shelled microbubbles have been measured using a
microacoustic system and a wide-band piezoelectric transducer (Sboros et al. 2005).
Large numbers of single bubble responses (N>200) from Definity® (Lantheus
Medical Imaging, N Belarica, MA) microbubbles have been analyzed, and a two
population response has been observed in response to a typical clinical imaging pulse
(1.6MHz, 550kPa six cycle pulses). Parameters characterizing this divergence from a
normal distribution of scatter have been identified; at maximum energy of scatter,
signals have an increased fundamental to harmonic ratio, and exhibit an increasing
envelope of scatter with time. The two populations are well defined, and techniques of
(a) cluster analysis (Jain et al. 1999) and (b) normalized cross-correlation analysis
have been used to classify scatter based upon fundamental to harmonic ratio and
envelope shape respectively. The techniques agree well, and show that 22% of
scatterers by number account for 70% of the total fundamental energy and 15% of the
second harmonic energy of the sample of responses.
Theoretical results based on the Keller-Miksis equation (Keller and Miksis 1980) and
the Mooney-Rivlin strain softening shell model (Tsiglifis and Pelekasis 2008) have
been used to identify these populations as off-resonant and resonant scatter. The
responses to the same clinical imaging pulses (measured by membrane hydrophone)
have been calculated and two populations of scatter are again observed. The
simulated scattered pressure waves at resonance display the same increasing envelope
of scatter and increased fundamental to harmonic ratio. The Malvern Mastersizer
(Malvern Instruments, Worcs., UK) was employed to measure the size distribution of
Definity microbubbles, which was used to simulate a random sample of initial bubble
radii. The effect of varying shell parameters has been investigated, and good
agreement with experimental data has been observed for a shell stiffness of
Gs=10MPa (strain softening parameter B=0, shell thickness of ds=15nm).
The comparison of experimental and theoretical data has made it possible to identify
the resonant microbubble population as the highly scattering population. Interestingly,
the fundamental appears to provide the largest part of exploitable energy compared to
the second, third and other non-integer harmonics. This is directly relevant to imaging
applications, as the measured signals may be used to design new pulse sequences.
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Modelling of the dynamics of a coated microbubble in a blood vessel

Sergey Martynov, Eleanor Stride and Nader Saffari (Mechanical Engineering,
University College London, Torrington Place, London WC1E 7JE,
s.martynov@ucl.ac.uk)

Coated microbubbles have been extensively investigated as contrast agents for
diagnostic ultrasound imaging and more recently for therapeutic applications such as
targeted drug delivery. However, theoretical models for microbubble dynamics have
previously been developed either for encapsulated bubbles in an infinite volume of
fluid, or for uncoated bubbles in a confined volume. In the present study, a finiteelement method is applied to study numerically the effects of both encapsulation and
confinement in a blood vessel upon the microbubble response in a pressure field. The
bubble shell is modelled as a layer of homogeneous and isotropic linear elastic
material of a finite or infinitesimal thickness, aiming to examine the dynamics of
polymer-coated and surfactant-coated microbubbles. Elastic deformations of the
vessel wall are described using a lumped-parameter model of the wall as a thin
membrane. Results from the model will be compared with those from other
theoretical models of oscillating bubbles, and the theory of buckling of a thin
spherical shell. It will be shown that even at low acoustic pressures (~ 10 kPa), the
radial oscillations of the bubble and the amplitude and spectrum of the radiated
pressure field can be significantly modified as a result of confinement. Results
showing the effects of vessel wall deformations and shape oscillations of a bubble
(including buckling of the encapsulating shell) as predicted by the model will be
discussed in the context of diagnostic and therapeutic applications of microbubbles.

Optical and Acoustic Characterization of Vapourized Perfluorocarbon
Droplets as Interstitial Contrast Agents
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Microbubbles have both the strength and limitation that they stay within the vascular space.
Submicron perfluorocarbon (PFC) droplets offer a new potential ultrasound contrast agent for
extravascular diagnosis. Due to their small size, these droplets can migrate through permeable
vessel walls (such as those in tumours) and accumulate in interstitial tissue.1 However, liquid
core PFC droplets are linear acoustic scatterers and do not provide sufficient acoustic impedance
mismatch with the surrounding liquid to be detected easily in small concentrations.2 One possible
approach to droplet detection is acoustic “activation” prior to imaging. The activation is done by
vapourizing the droplet with applied ultrasound, effectively converting the submicron droplet
into a micron-sized bubble. A number of studies have been performed in order to assess the
threshold for acoustically induced vapourization3,4,5,6,7 and cavitation8 in droplet suspensions.
However, the potential of the converted droplets to be imaged by nonlinear methods which rely
on bubble resonance has not yet been examined. In this work, we investigate the effects of
temperature and ultrasound pulse length on the vapourization threshold and the echo properties
of the newly created bubbles. We also use a high speed camera in order to investigate the size
and stability of the bubbles optically. The objective of this work is to gain a better understanding
of the mechanism behind PFC droplet vapourization and to assess the suitability of ultrasound to
nonlinearly image the activated droplets as a contrast agent.
In our experiments, we used submicron dodecafluoropentane (DDFP, Synquest Labs, Alachua,
FL, USA) droplets coated with fluorosurfactant (Zonyl FSP, Sigma Aldrich, St. Louis, MO,
USA). A microfluidizer (Microfluidics, Newton, MA, USA) achieved emulsification under high
pressure; resulting particle suspensions were sized with a Zetasizer nano-sizing system (Malvern,

Worcestershire, UK). Droplet suspensions were used 24 hours after preparation, with an average
diameter of 415 ± 20 nm. The acoustic experiment comprised two single element transducers
(Valpey-Fisher, Hopkinton, MA, USA), co-focused on a 200 µm polyethylene tube (Advanced
Polymers, Salem, NH, USA), in which droplets were excited acoustically and newly created
bubbles detected. Excitation consisted of a single 10 to 50 cycle, high intensity pulse at 7.5 MHz.
Detection of droplet conversion was performed with a series of 10-cycle phase inverted pulses at
1.75 MHz and peak negative pressure of 120 kPa.
Figure 1a shows the spectrum of the detection pulse 1 ms before and 1 ms after excitation with
the fundamental frequency component (at 1.75MHz) suppressed using a pulse inversion
algorithm9. Echoes from droplets exposed to sufficiently high peak negative pressures during
excitation had a significant increase in the power in the second harmonic band, at 3.5 MHz. The
increase in harmonic power as a function of applied peak negative pressure is shown in Figure
1b. The threshold peak negative pressure for droplet conversion (defined as a 3 dB increase in
harmonic signal) and the nonlinear power increase at the threshold are seen to depend strongly
on factors such as sample temperature and excitation pulse length.
Converted droplets were also studied under a microscope (Leica Microsystems Canada,
Richmond Hill, ON, Canada) with a 40x objective connected to a high speed camera (Fastcam,
Photron, San Diego, CA, USA), providing spatial resolution of 2 pixels per micron and temporal
resolution of 1 ms. Figure 2 shows an image of the droplet sample in the 200 µm tube before and
after excitation. The converted bubbles were observed to be of approximately 5 µm in diameter,
and did not significantly change in size over 100 ms time intervals.
One issue with the concept of droplet activation with ultrasound is the high peak pressures that
are required to achieve activation. By adding solid nano-particle seeds to the droplet we
investigated whether this pressure threshold could be lowered. The inertial cavitation threshold
for PFC droplets seeded with silica-coated CdSe/ZnS nanoparticles, prepared by sonication
(Sonifier, Branson, Danbury, CT, USA), was measured by subharmonic emission.8 Results
(Figure 3) show an approximately 20% lower peak pressure threshold for nanoparticle seeded
droplets than that for unseeded ones.
These results suggest that under appropriate conditions, superheated submicron PFC droplets
agitated by an ultrasound pulse can undergo phase conversion to create sufficiently stable

micron-sized bubbles suitable for detection with nonlinear ultrasound imaging methods such as
pulse inversion. Furthermore, the nonlinear signal strength of the converted droplets can be
controlled by varying the excitation pulse properties. Further studies will focus on the effects of
nanoparticle seeds and droplet aggregation on threshold conditions and acoustic characteristics
of droplets after conversion.

a)

b)
40 µm

Figure 1. a) Power spectrum of pulse-inversion detection signal from PFC droplet filled tube 1
ms before and 1 ms after excitation. b) Harmonic power increase after excitation as a function of
applied excitation peak negative pressure.

Figure 2. Series of optical images showing (a) droplet sample in 200 µm tube prior to excitation,
(b) after single excitation pulse and (c) after two excitation pulses. Although submicron droplets
are below optical resolution, micron-sized bubbles are clearly visible after excitation.

Figure 3. Subharmonic power emitted during excitation at 1 MHz of unseeded droplets and
droplets seeded with nanoparticles. Seeding of the droplet reduces its activation threshold.
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Investigation of attenuation compensation and nonlinear propagation in
quantitative ultrasound contrast agent imaging
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Introduction:
Quantification of tissue perfusion using ultrasound and microbubble contrast agents has potential
in a wide range of clinical applications [1]~[3]. However, efforts in this area have been hindered
by the accuracy and consistency of the quantitative measures based on image intensity.
Previously two problems in imaging physics, among others, have been highlighted as
contributing to the problem: incorrect attenuation compensation [4] and nonlinear imaging
artefacts [5]. In this study, further investigation was conducted regarding these two problems.
Firstly, experimental validation of an automatic attenuation compensation algorithm was
conducted on laboratory phantoms and in vivo. Secondly, a series of experiments on laboratory
phantoms was conducted to evaluate how nonlinear propagation of ultrasound affects phase
inversion images under different ultrasound frequencies and pressure amplitudes.
Methods:
We have previously proposed an automatic attenuation compensation algorithm where tissue
signals are extracted, filtered and used to calibrate signals from contrast agents [4]. For further
validation of the algorithm, a specifically designed phantom with known attenuation properties
was scanned with a Toshiba prototype scanner and radio frequency data were acquired.
Quantitative measurements from multiple regions of interest (ROIs) of similar bubble
concentration before and after the calibration were analysed. Furthermore, in vivo measurement
of a patient with liver cancer was made. Multiple ROIs of perfused liver parenchyma before and
after the compensation were analysed.
For evaluating the effect of nonlinear propagation on image intensity and contrast to tissue ratio
(CTR), experiments on a laboratory phantom were performed. The frequency and pressure
amplitude of the driving ultrasound pulse were varied and quantitative measurements of echoes
from microbubbles and tissue were made.
Results:
Validation of attenuation compensation algorithm:

ROI1

ROI2

ROI3

ROI4

(a)
(b)
Figure1: Phase inversion images of a laboratory phantom. At the lower corners are two chambers
of fluid containing the same amount of both linear and nonlinear scatterers. The echoes from the
right hand side chamber were more attenuated by an overlaying insertion. (a) before attenuation
compensation, the chamber on the right is darker than that on the left (normalised image intensity
is 1(ROI3) and 0.49(ROI4)); (b) after the proposed attenuation compensation, the two chambers
show similar intensity (normalised image intensity is 1(ROI3) and 0.93(ROI4)).

tumour

(a)
(b)
Figure2: Phase inversion images of a patient’s liver with a tumour. (a) before attenuation
compensation the tumour boundary is broken and the normal parenchyma darker in the deeper
regions; (b) after the proposed attenuation compensation the tumour boundary is better defined
and image intensity of liver parenchyma at different depths is more uniform.
Evaluating nonlinear imaging artefact and CTR:

(a)
(b)
(c)
Figure 3: Phase inversion images of an in vitro phantom show that nonlinear propagation can
alter image intensity and CTR and this alteration depends on both ultrasound pressure amplitude

and frequency. a) Frequency=1.75MHz, MI=0.05; b) Frequency=1.75MHz, MI=0.08;
c)Frequency=2.5MHz, MI=0.08
Table 1: CTR at two regions within the images in Fig3
CTR
1.75MHz
(in linear scale)
MI=0.05
MI=0.08
Region one (with NP through
7.74
3.7
microbubble clouds)
Region two (with NP through
23
22.5
tissue)
(* NP stands for nonlinear propagation)

2.5MHz
MI=0.05 MI=0.08
6.65
4.63
10.8

5.38

Conclusions:
Current quantification of tissue perfusion using contrast enhanced ultrasound is based on the
assumption that the image intensity is proportional to local microbubble concentration. Physical
phenomena such as attenuation and nonlinear propagation can change image intensity and hence
affect quantification. In this study we have demonstrated that a recently proposed attenuation
compensation algorithm can significantly reduce variations of image intensity due to attenuation.
Further details of how image intensity and CTR change due to nonlinear propagation with
different ultrasound parameters are also presented. These efforts will contribute towards truly
quantitative imaging of tissue perfusion using contrast enhanced ultrasound in the future.
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Application of tracer dilution models for the quantification of
perfusion with contrast enhanced ultrasound imaging
Marios Lampaskis, Costas Strouthos, and Michalakis Averkiou, University of Cyprus

Introduction
Contrast enhanced ultrasound (CEUS) imaging at low mechanical index with real-time scanning
techniques has been used successfully to detect and characterize liver, prostate, kidney, spleen, and breast
lesions with high sensitivity and specificity [1]. This new technique has opened new diagnostic
possibilities such as oncology therapy monitoring. High temporal resolution image data produced with
CEUS now also carry functional information and may be combined with novel mathematical modelling
techniques to create advanced diagnostic and prognostic tools.
In this abstract we present various tracer dilution models and their application to time-intensity curves
from CEUS images from liver and breast cancer, blood flow in the carotid, and perfusion of ovine corpus
luteum. Often the wash-out tail of the time intensity curves is affected by recirculation, therefore one
needs to process the data using theoretical models to isolate the primary pass. The objective of the present
work is to find the best model that isolates the primary pass of CEUS time-intensity curves under specific
physiological conditions. This procedure will enable us to precisely calculate hemodynamic parameters
such as the mean transit time, the wash-in time, and the area under the curve [2, 3, 4] of the primary pass,
which in turn may lead to estimating the total blood volume and blood flow.
Tracer dilution models
In this section we present four tracer dilution models that we use to model time intensity curves from
CEUS images. The models will be used to curve-fit clinical data. All the models represent probability
density functions of transit times in a region of interest after a bolus of microbubbles is injected
intravenously. As shown in Fig. 1 a bolus of microbubbles is skewed by its transit through different
organs. A rectangle function originally supplied by the contrast injection is spreading in time to resemble
a bell function.

Fig. 1: Schematic representation of the changes in the shape of a time–intensity curve during passage from injection
point through the heart and lungs to the liver or other organ/tissue with a microvascular structure.
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The four models considered are the lognormal distribution, the gamma variate function, the local density
random walk, and the lagged-normal function. The physical principles of the models, their physiological
significance and other attributes are summarized in Table 1.
Lognormal
no
Bifurcation of
conduits with
large number of
generations;
fractal behavior

Gamma Variate
yes
Constant flow
through a series
of equal size,
homogeneous
compartments

Physiological
basis

Perfusion within
a microvascular
network

Flow through
long blood
vessels

Number of
parameters

5

5

Compartmental
Physical basis

LDRW
no
Fluid model;
incorporates
convection and
diffusion within a
tube
Flow through a
large vessel or a
network of
diffusive microvessels

Lagged Normal
yes
A compartment with
normal dispersion of
flow in series with a
homogeneous
compartment

5

6

A Gaussian bolus
entering a
microvascular
network

Table 1: Physical principles, physiological significance and other attributes of the models.

The lognormal distribution [5] is given by

I (t ) =

A

2π σ (t − t 0

)e

[ln (t −t0 )− μ ]2
2σ 2

+C,

(1)

where μ and σ are the mean and standard deviation of the normal distribution from which the
logarithmic transformation was obtained. The curve can be scaled horizontally by varying μ and changed
in terms of skewness by varying σ. The area under the curve is A , t 0 is the time offset, and C is the
baseline intensity offset. We use the same notation for these three parameters in all models hereafter. This
model is based on bifurcations of vessels with significant number of generations that may also exhibit
fractal behavior [6]. Example curves from Eq. (1) are shown in Fig. 2(a).
The second model considered is the gamma variate function [7] given by

I (t ) =

A
(t − t 0 )α
α +1
β Γ(α + 1)

e

−

(t − t 0 )
β

+C.

(2)

In the discrete form of the function (not presented here) α = n − 1 , where n is the number of the equal
size homogeneous compartments in series, 1 β = Q V where V is the volume of each compartment and

Q is the constant flow rate. The term β α +1Γ(α + 1) normalizes the gamma variate in the above equation
so that it can be a probability distribution that integrates to unity when A = 1 . Example curves from Eq.
(2) are shown in Fig. 2(b).
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Fig. 2: Plots of the models with important parameters varied. All curves are normalized with respect to their
maximum. (a) the lognormal model with three permutations of μ and σ, (b) the gamma variate model (c) the LDRW
model, and (d) the lagged normal.

The third model is the local density random walk (LDRW) model [8-9], which is given by the solution of
the one dimensional diffusion with convection partial differential equation in the case of no special
boundary conditions at the outlet. The LDRW function is given by

⎛ eλ
I (t ) = A⎜⎜
⎝μ

⎧ 1 ⎛ μ
⎞
(t − t 0 ) ⎞⎟⎫
μλ
⎟⎟
exp⎨− λ ⎜⎜
+
⎬.
μ ⎟⎠⎭
⎠ 2π (t − t 0 )
⎩ 2 ⎝ (t − t 0 )

(3)

The skewness of the curve increases with 1 λ , and μ is the median transit time between injection and
sampling sites. For a straight tube, through which a bolus of micro-bubbles is flowing, the Preclet number
defined as the ratio between the diffusive time and the convective time is given by Pe = 2λ . Pe gives an
estimate of the relative contribution of convection and diffusion in the micro-bubbles transport. Example
curves from Eq. (3) are shown in Fig. 2(c).
The lagged-normal functions are convolutions of a normal density function with one or more exponentials
and they have been shown [10] to fit well tracer dilution curves. For the simplest lagged normal function
the convolution integral I (t ) = A

∫

t

−∞

f (τ )g (t − τ )dτ , where

3

f (t ) =

A

−

e
2π σt
I (t ) =

[t − μ ]2
2σ 2

, − ∞ < t < ∞ and g (t ) = λe − λt , t ≥ ∞ may be expressed [10] as

(

⎧⎪
A
μ2
μ + λσ 2
λ exp⎨− λ (t − t 0 ) − 2 +
2
2σ
2σ 2
⎪⎩

)

2

⎫⎪⎡
⎛ (t − t 0 ) − μ − λσ 2 ⎞⎤
⎟⎥ + C , (4)
⎜
erf
1
+
⎬⎢
⎟
⎜
2
⎪⎭⎢⎣
2
σ
⎠⎥⎦
⎝

with erf (⋅) being the error function, and with the time and base intensity offsets taken into account.
Bassingthwaighte et al. [11] proposed this model for the cases where the random dispersion of a tracer in
large vessels is represented by a Gaussian function, and the mixing in a well-stirred chamber such as a
microvascular network is represented by an exponential function. Example curves from Eq. (4) are shown
in Fig. 2(d). Figure 2 shows that the all models can generate curves with different shapes, i.e. almost
symmetric or skewed curves with either fast wash-in and slow wash-out or vice versa.
Data analysis and results
We extracted the time-intensity curves from CEUS image loops using a quantification package (Q-LAB,
Philips Ultrasound). This software allows for manual segmentation by region of interest selection and
provides linear intensity values (with logarithmic compression removed). Examples of CEUS images
analyzed are shown in Fig. 3. To smooth the time-intensity curves and reject outliers a local regression
filter available in MATLAB (MathWorks, Inc) was employed before further processing. Afterwards,
non-linear least squares fittings were performed on time-intensity curves using in-build MATLAB tools.
(a)

(b)

(c)

Fig. 3: Contrast ultrasound images analyzed: (a) liver metastasis, (b) breast carcinoma, (c) carotid blood flow and
vasa-vasorum micro-flow.

We compared the performance of the different models with image data from various clinical areas by
measuring the coefficient of determination (R2). We used image loops from (i) colorectal metastasis in the
liver, (ii) breast cancer, (iii) ovine corpus luteum (CL) and (iv) carotid artery. Figure 4 shows the fitting
functions of the four models applied to time-intensity curves from different image loops. In addition,
Table 2 shows the fit quality achieved by each model for every time-intensity curve.
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Fig. 4: Examples of fitted curves: (a) the lognormal model fitted to data from ovine corpus luteum, (b) the gamma
variate model fitted to data from the carotid artery, (c) the LDRW model fitted to data from a colorectal metastasis
to the liver, and (d) the lagged normal model fitted to data from breast cancer.

Liver 1
0.9367
Lognormal
Gamma Variate 0.9523
0.9489
LDRW
Lagged normal 0.9446

Liver 2
0.9257
0.9366
0.9381
0.9462

CL 1
0.9966
0.9952
0.9962
0.9921

CL2
0.9854
0.9844
0.9857
0.9745

Breast 1
0.9615
0.9590
0.9607
0.9645

Breast 2
0.9793
0.9781
0.9736
0.9787

Carotid 1
0.9363
0.9410
0.9377
0.9158

Carotid 2
0.9358
0.9417
0.9398
0.9237

Table 2: The coefficient of determination ( R2) for the fits on various data sets.

Discussion
All the models fitted the data with relatively good performance. Our qualitative observations on their
performance are summarized in Table 3. The lognormal model performs better on data from
microvascular networks such as the ovine corpus luteum and breast lesions than on the carotid artery data.
This observation is consistent with the fact that in large networks with significant number of generations
the distribution of flow rate is lognormal and does not depend on the details of the bifurcation mechanism
[6]. The gamma variate model is excellent on single fast flowing vessels such as the carotid artery, and
fits the other data relatively well. This result is consistent with the fact that large arteries can be
approximated by a series of well stirred compartments which is the basis of the gamma variate model.
The LDRW model fitted the different data with high precision. The model works well for both large
vessels and microvascular beds. This robust fitting performance is due to the fact the model takes into
consideration both the convective and the diffusive transport of the tracer.

The lagged normal model

assumes a bolus approximated by a normal distribution entering a single-well stirred compartment
5

represented by a single exponential. This may be linked to the better performance of the model on the
liver and breast cancer data, which are microvascular networks with an arterial blood supply.

Lognormal
Gamma Variate
LDRW
Lagged normal

Liver
─
3
3
33

Corpus luteum
33
3
33
─

Breast
33
3
3
33

Carotid
3
33
33
─

Table 3: Score table for the performance of the various models (33 Excellent, 3Good, ─ Moderate).

The results presented in Table 3 are only indicative of the performance of the specific tracer dilution
models given that the analyzed image data set was limited. We are continuing this investigation to include
more extensive data sets per application. In the case of relatively noisy data, it is difficult to choose an
optimal model. In addition, data such as those from the carotid artery (Fig. 4(b)) where the pulsatility of
the flow introduces an oscillatory behavior on the time-intensity curve, cannot be precisely fitted (see last
two columns of Table 2). The performance of each model depends on how well its underlying physical
principles match the physiology/anatomy of the imaged region.
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Combined Image Registration Methods for Parametric Contrast Imaging of Tumour Blood Flow
Gord Lueck, John Hudson, Ross Williams, Ahthavan Sureshkumar, Anne Martel, Peter Burns
Introduction
The corruption of data due to the presence of motion during the patient scan is not just a matter of aesthetic
concern for methods such as time-integrated persistence imaging, but is fundamental to accurate contrast agent
quantification, including tumour blood flow measurement and parametric imaging. We have addressed the lack
of an applicable tool for ultrasound image registration through the development of a software package that is
able to register ultrasound images from all sources. It uses two methods: a multi-resolution rigid optimization
scheme [1] that attempts to minimize the sum of squared differences (SSD) between a reference B-mode image
and each subsequent image; and an elastic registration algorithm [2] that allows for tissue deformation. The
results of such processing applied to B-mode images is then applied to corresponding contrast specific images,
reducing the apparent motion in the image series registration and potentially enabling a more thorough
parametric analysis.
In this study, we have optimized the motion correction algorithm using an isolated ex vivo kidney model and a
computer-controlled 3D positioning system. Additionally, we have attempted to validate this technique in vivo
by correcting clinical disruption-replenishment scans and assessing the change in target registration error (TRE)
before and after image registration.
Methods
We acquired three separate disruption-replenishment scans of an isolated ex vivo porcine kidney infused with
Definity (Lantheus Medical Imaging, NY) that was repeatedly translated 7.5mm laterally and 0, 5 or 7.5mm in
the elevation direction to mimic motion due to breathing. The images were then corrected automatically by
specifying a number of registration parameters, including smoothing level, number of resolutions to correct, and
the resolution at which to terminate.
For the clinical component of the study, 46 contrast-enhanced ultrasound scans were acquired from 12 different
patients suffering from renal cell carcinoma who were examined at our site between May 2007 and October
2009. The patients were allowed to breathe normally, and one 30 second disruption-replenishment scan was
acquired during constant infusion of a contrast agent (Definity). In each sequence of data, 4 anatomical
landmarks were identified on the B-mode images, marked by a human observer on every tenth frame and
recorded. The data were then registered by computer, and the average distance between corresponding
landmarks on reference and target images (TRE) was averaged over the time series before and after registration.
Results
The type of motion and number of resolution levels had the greatest effect on the quality of the result. The
presence of motion in the elevation direction greatly reduced the ability of the rigid registration step to calculate
the correct transformation.

Figure 1 – Results show (left) good correction when the motion is constrained to lateral in-plane motion, and (right) a
poorer correction when the motion occurs equally in the elevation direction. Using a multi-level approach is important for
data corrupted by out-of-plane motion.

Each examination took approximately 10 minutes to correct on a modern PC. Our implementation was limited
by disk access speeds; no significant time improvement was gained by trading off registration performance.
The clinical data was registered using 5 resolution levels and a smoothing parameter of 20 pixels at each level to
avoid local minima. 96% of scans showed an improvement in TRE; the average motion was reduced by 18%.
Further registration of each scan using a deformable model was able to reduce the registration error by an
additional 6%. The results are summarized in Figure 2.

Figure 2 – Most data benefit from rigid registration (left). Elastic registration improves TRE (right).

Figure 3 – Clinical MIP image calculated after the original acquisition before registration (left) and after (right).

Discussion
Our data show that performing image registration enhances the ability to image microbubbles in the
presence of motion. In cases with motion that is well constrained in the imaging plane, there is a
significant possibility that image registration could improve parametric analysis. The production of
retrospective MIP images from images corrupted by motion offers a visible improvement in the ability
to resolve vessels (Figure 3) following registration.
If the imaging plane can be selected such that the natural motion of the structure of interest is within
the imaging plane, it is possible to maximize the probability that registration will offer an increased
ability to quantify. It may be possible to use the registration error to retrospectively gate the study by
removing frames for which the fit is poor, as this is an indication of significant uncorrectable motion.
We also plan to extend this technique to three-dimensional data as a potential way to reduce the impact
of complex motion in ultrasound contrast quantification.
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A 3D FEA model for quantifying non-linear bubble dynamics.
Abhay V. Patil and John A. Hossack
University of Virginia, Charlottesville, VA 22908, USA.
Microbubbles provide the basis for perfusion measurement, early detection of molecular
signatures of disease and as a vehicle for drug, or gene, delivery. Although the response
of a single microbubble to ultrasound has been characterized by radially symmetric 1D
models and high speed camera-based experiments, a plethora of mechanisms, such as
bubble-bubble interaction, and adherent bubble response are poorly understood. With few
exceptions, existing 1D models are generally valid for sub-destruction radially symmetric
mode shape bubble response, but are incapable of predicting phenomena such as higher
order mode oscillations or onset of bubble shell rupture. It has been hypothesized that
second or higher order mode oscillations are a precursor to bubble shell rupture and
subsequent cavitation. In addition, parameters, such as shell stress and shell strain may
have threshold values related to bubble shell fracture. In this work, we propose a full 3D
FEA (finite element analysis) model that can simulate temporal variations in asymmetric
3D radial, translational bubble motion, various shell parameters such as regional stress
/strain, and bubble pulse echo response. Preliminary simulations were conducted to
assess the performance of the model for broadband cases, including: 1) single cycle
pulse excitation, 2) single cycle response of free and wall-bound bubble, 3) predicting
translational displacements in response to primary radiation force, and 4) tracking
variations in shell stresses and strain for low (180 KPa) and high (330 KPa) peak
negative pressure acoustic waveforms. For the acoustic and bubble parameters published
by Dayton et al. (2002), the maximum displacement predicted using the 3D FEA model
was within 10% of the previously published experimental data. For approximately similar
bubble and acoustic parameters (using inverted pulses), the spectrum of the backscattered
data from a free bubble was found to be similar to the experimental and simulated results
published in Morgan et al. (2000). The spectrum of the adherent bubble response was
found to be downshifted (0.3 MHz) with respect to that of a free bubble. Similar results
have been reported by Payne et al. (2005). Additionally, we have observed asymmetric
oscillations in adherent bubbles that are consistent with previously reported experimental
findings (Vos et al. 2007).
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Dynamic Contrast Enhanced Ultrasound for the Evaluation of Anti-angiogenic Treatments:
A Comparison of Competing Methods of Analysis
J.M. Hudson, A. Sureshkumar, R. Williams G. Lueck, M. Ari, G.A. Bjarnason and P.N. Burns
Department of Medical Biophysics, University of Toronto, Toronto, Canada

Introduction:
Imaging approaches to evaluate the response of cancers to anti-angiogenic drug treatments
have shifted from measuring bulk size to measuring parameters that are related to vascular
physiology and function. This reflects the fact that successful response of the tumour
microcirculation to vascular-targeted drugs greatly precedes any consequent reduction of tumour
volume. Contrast enhanced ultrasound (CEUS) is well suited to measure the functional properties
of tumour microcirculation due to the intra-vascular nature of microbubbles, which show similar
dynamics to those of red blood cells [1].
Two general approaches have been adopted to use microbubbles to characterize tumour
vascular response. In the first, the transit of a bolus injected into a peripheral vein is recorded
through a chosen region within the tumour. In the second, the agent is diluted and continuously
infused into the circulation. Once the agent has reached a steady state concentration within the
blood stream, the microbubbles are regionally disrupted and detected as they replenish the
imaging scan plane. Between these two injection methods (bolus and infusion), there are a
number of strategies for analysing the data, which include: applying mathematical and physically
based models to the time-intensity curves; calculating semi-quantitive, heuristic parameters; using
dynamic (velocity, transit time) and static (blood volume, area under the curve) metrics; and
selecting single and multi-area grid regions of interest (ROIs).
This study examines the strengths and weaknesses of each method by applying a variety
of techniques to a set of data from a Phase 2 clinical trial of an anti-angiogenic drug treating renal
cell carcinoma.
Methods:
Thirteen patients with metastatic renal cell carcinoma were scanned with CEUS at 4 time
points (Baseline: week 0, On-treatment: weeks 2 and 4 & Off-treatment: week 6) throughout the
course of an anti-angiogenic drug treatment with Sutent-SU11248 (Pfizer). All of the ultrasound
scans were performed with Definity (Lantheus Medical Imaging, Boston MA) and an iU22
scanner with the handheld C5-1 abdominal probe (Philips Ultrasound, Bothell WA). The
scanning protocol comprised two bolus injections followed by a 12-minute steady infusion of 1ml
Definity in 100ml saline. The time course of each bolus was recorded in the largest plane of the

lesion for 3 minutes with a delay of 2 minutes between bolus 1 and bolus 2. During the infusion,
7 different planes were sampled with a low-MI disruption-replenishment measurement. The
time-intensity loops were analysed using QLAB (v6, Philips, Bothel WA) with a region of
interest drawn around 100 % of the tumour boundary. The replenishment curves from the
infusion were imported into MATLAB and fitted with both the mono-exponential model [2] and a
lognormal replenishment model [3] . The fits were used to calculate the average relative blood
volume, microbubble velocity and microvascular perfusion. A number of metrics were calculated
from the bolus injections including: Peak intensity, area under the curve, area to peak and the
mean transit time. The parameters that were derived for each patient were normalized to the value
at baseline (pretreatment) scan. For the grid-based analysis, a 20x20 pixel mesh was applied
across the entire image and replenishment time-intensity curves were extracted from each region
of interest. The lognormal replenishment model was applied to each curve and used to extract
regional velocity and volume parameters. The parameters were colour coded and overlayed onto
a B-mode image of the measured scan plane.
Results and Discussion
Infusion vs. Bolus
The changes in both the relative blood volume (infusion) and the peak/area parameters
(bolus) followed a similar trend and were found to decrease while on treatment and rebound after
treatment stopped (see Figure 1). In general, the bolus parameters had a higher variability on
each day compared to the results from the infusion scans. This might be attributed to the
difference in sampling number within the tumour (1 for the bolus, 7 for the infusion). The results
of the time-based parameters (mean velocity, transit time, time to peak etc.) from both the
infusion and bolus injections were more variable and did not demonstrate a significant average
change to the baseline values.
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Figure 1: Average relative (to baseline) values in the calculated parameter from a) a constant infusion (fit
from a physical model) and b) a single bolus injection (semi-quantitative metric).

Single ROI vs. Grid Analysis
Although a single large ROI analysis can successfully identify averaged changes in fit
parameters (Figure 1), there are many advantages to using a grid based approach, such as
measurements of the relative distribution (Figure 2) and spatial heterogeneity of the fit parameters
[4].
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Figure 2: Histogram display of the distribution of the mean fit velocity for before, during and after
treatment scans for a single patient. Here we see a decrease of the slower velocity components with time.
Since smaller vessels have slower flow velocities, this may help to identify which vessels are affected by
the treatment.

A grid-based analysis can be used to form parametric image maps to aid identifying
lesions and single ROI placements. The images can be thresholded to distinguish regions of
micro/macro-circulation and used, in some cases, to remove motion artifacts due to fast moving
surrounding structures such as the diaphragm.
Parametric Mapping of Fit Parameters - Identifying the Microcirculation

B-mode Ultrasound

Perfusion Map

Micro-Perfusion Map

Figure 3: Fit parameters can be overlayed onto anatomic images and help to distinguish regions of
micro and macrocirculation.
Conclusions:
The bolus and infusion methods show similar trends in their respective parameters that
relate to blood volume. The issue of sampling of the imaging plane may account for the higher
degree of variability in the bolus analysis. Whole image grid-based regions of interest may
provide additional information to supplement simpler, single ROIs and can be used to produce

parametric maps of the fitted results that may improve the visualization of drug response.
Choosing the appropriate measurement and analysis strategy has to be based on its sensitivity to
detect a response, its clinical feasibility and reproducibility, and ultimately, its correlation with
clinical outcome.

Most likely, the optimal strategy will rely upon a collection of information

combined with parameter-enhanced radiological images.
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The influence of finite wall impedance on UCA bubble behavior
in constrained media
Todd Hay, Marlies Overvelde, Benjamin Dollet, Valeria Garbin,
Nico de Jong, Detlef Lohse, and Michel Versluis
Physics of Fluids group, University of Twente, P.O. Box 217, 7500 AE Enschede, The Netherlands

Introduction
The behavior of ultrasound contrast agent (UCA) microbubbles in confining geometries is relevant for
areas including ultrasound imaging in the body and targeted microbubbles. A measurable and predictable
change in behavior between free and constrained bubbles can be used, for example, to differentiate between functionalized bubbles bound to a target substrate and those which are freely flowing.
An UCA bubble oscillating near a wall is an example of a constrained geometry system which has been
studied experimentally. 1 As shown in Fig. 1(a), both the oscillation amplitude and frequency response of
the bubble decrease if it is positioned near the wall (red line), with respect to its free field behavior (blue
line). If the wall were rigid it could be modeled by an identical image bubble, represented by the dashed

d

Rim
R

(a) Data

(b) Geometry

Figure 1: Experimental microbubble spectroscopy data and geometry for an UCA bubble oscillating far
from (blue line) and close to (red line) an optically transparent membrane.
circle in Fig. 1(b). However, the rigid wall model predicts that the peak oscillation amplitude increases at
close offsets, contrary to the observations in Fig. 1(a). In reality, the wall has finite acoustic impedance,
which should be taken into account. Here we will show that, if finite wall impedance is included in the
model, we can predict bubble behavior which is in good agreement with observed behavior. We account
for finite wall impedance by adjusting the magnitude and phase of the pressure emitted by the image
bubble. This adjustment corrects for acoustic transmission through the wall, as well as the spherical
nature of the wavefronts.

Model equations
The bubble radius is described by a coupled Rayleigh-Plesset equation

U2
Rim 
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+
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2
ρ
4
d

1

(1)

where the pressure in the liquid on the bubble surface P includes contributions from the shell viscosity
and elasticity 2 and the final term in Eq. (1) accounts for the pressure due to the image bubble, where q(t)
is the impulse response of the wall.
If we linearize Eq. (1) and assume that the bubble oscillates as R = R0 + ξ(t) where ξ = Ξ(ω)e−jωt
then the frequency domain solution for the bubble oscillation amplitude Ξ(ω) is
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where Ξ(0) is the DC radial response, Q(ω) is the frequency domain representation of q(t) and ω0 is
the natural frequency of the bubble in the free field. In order to calculate Q(ω) we need the acoustic
impedance and plane wave reflection coefficient at the wall, 3 which may be measured experimentally.

Results
Figure 2 is a plot of Eq. (2) for a UCA microbubble with equilibrium radius of R0 = 1.9 µm positioned
at distances of 0, 10, or 100 µm from the wall. The wall impedance and plane wave reflection coefficient
were determined from independent experimental data. Note that both the peak oscillation amplitude and
the resonance frequency decrease as the bubble is positioned closer to the wall (red and green curves) with
respect to free field behavior (blue curve). This is in good agreement with experimental data [Fig. 1(a)].
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Figure 2: Equation (2) for a bubble positioned near a finite acoustic impedance wall.

Conclusions
The acoustic impedance of confining surfaces can influence UCA bubble dynamics significantly. Modeling these surfaces as rigid can significantly overestimate the radial response of the bubble. Therefore, finite
impedance effects should be taken into account when modeling bubble behavior in confined geometries.
The model presented here, although linear and for a planar interface, may be extended to more complex
geometries and adapted to a nonlinear model valid for larger amplitude oscillations.
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Focused gene delivery and ultrasound mediated bubble stimulatijon
improve stemm-cell homing and transmigration Klaus Tiemann, Alexander
Ghanem, Christopher Hall, Chien-Ting Chien, Zhiyong Bai, Wilhelm Bloch
Transplantation of stem cells (SCs) is a promising therapeutic approach
after acute myocardial infarction. Crucial variables which determine
therapeutic value of SC transplantation comprise efficacy and targeting
of myocardial SC homing and engraftment. Highly focussed ultrasoundmediated microbubble stimulation (hf-UMS) allows locoregional pretreatment of target tissue. We hypothesized, that transplanted MSCs
transmigrate across the endothelial barrier in vivo into non-ischemic
and post-ischemic myocardium and that hf-UMS improves efficacy and
allows targeting of SC engraftment after intravascular transplantation.
SC homing might additionally be improved by hf-UMS mediated gene
delivery. Rats received hf-UMS focussed on the anterior leftventricular wall followed by intravascular transplantation of SCs.
Absolute myocardial MSC count and transendothelial migration were
significantly increased after hf-UMS. Targeted segments exhibited
higher cell count versus non-targeted tissue without signs of fatal
bioeffects. This effect was most prominent in borderzone myocardium.
Local expression of cytokines and chemokines improved SC homing. Local
expression of pro-inflammatory mediators resulted in improved
attachment of SC to the endothelium and substantial changes of
extracellular matrix. In conclusion, hf-UMS not only improves not only
myocardial homing and engraftment of SCs but also allows its targeting
into non-ischemic and post-ischemic myocardium.
K. Tiemann
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Drug loaded microbubbles for ultrasound assisted drug delivery
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Ultrasound assisted drug delivery has gained more and more attention. In these studies drugs or drug
loaded carriers are co‐administered with ultrasound responsive microbubbles and subsequently
exposed to ultrasound. Additionally, many groups designed drug loaded carriers (like micelles) that
release their payload after exposure to ultrasound. In these studies ultrasound (and microbubbles)
were very successful in enhancing the drug delivery process. Recently, many groups realized that the
efficiency of ultrasound assisted drug delivery maybe further enhanced by using drug loaded
microbubbles. Such drug loaded microbubble should after exposure to ultrasound locally release
their payload and simultaneously increase the extravasation and intracellular delivery of the payload.
The ability to locally delivery drug by exposing drug loaded microbubbles to ultrasound will reduce
the dose of the drug and hence minimize drug side effects. There are three ways to “load”
microbubbles with drugs. First, the drugs or drug containing carriers can be (1) attached to the
microbubble shell, (2) incorporate inside the microbubble or (3) incorporated inside the microbubble
shell. In this presentation we will present our data obtained with microbubbles that contain drug
(especially siRNA and gene) containing nanoparticles at their surface. To enhance the efficiency of
ultrasound assisted gene and siRNA delivery, we coupled NANs (Nucleic Acid containing
Nanoparticles) to ultrasound responsive microbubbles. Ultrasound radiation of these microbubbles
resulted in a massive release of a ‘cloud’ of unaltered NANs that are instantaneously propelled,
probably via the membrane perforations, in nearby cells. These nanoparticle loaded microbubbles
act like cluster bombs that ‘detonate’ by exposing them to ultrasound. The gene expression or gene
silencing efficiency of these gene or siRNA loaded microbubbles is much higher than that obtained by
a mixture of unprotected nucleic acids and microbubbles. An important detail in the story is that the
released NANs are not able to transfect cells on their own. In this way the gene or siRNA loaded
microbubbles are under full control of ultrasound, which allows both time and space controlled gene
expression or gene silencing. The applicability of these microbubbles is not limited to gene or siRNA
delivery. Indeed, the presented microbubbles may also open opportunities for ultrasound targeted
delivery of other drugs like e.g. chemotherapeutics.

Magnetic Microbubbles: „Magic Bullets“ for Targeted Drug
Delivery and Ultrasound Theragnostics ?
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In general, localized drug/nucleic acid delivery is an important objective for
pharmaceuticals. In our aim to overcome the limitations in drug/gene delivery
and to enhance magnetic drug targeting, particularly in vivo, we combine
magnetic-guided drug/nucleic acid delivery (Magnetofection™) with the
microbubbles technology.
We have developed a series of magnetic microbubbles (MMBs) highly loaded with
magnetic nanoparticles and associated with nucleic acid (reporter and
therapeutic genes and siRNAs), antisense oligonucleotides and cytostatics. Their
magnetic retentability at a given flow rate is tremendously improved compared
to similar concentration of magnetic nanoparticles in suspension. The acoustic
contrast properties of these MMBs were confirmed in vitro using a clinical USdevice. Reporter cDNA- or siRNA-loaded MMBs ensured efficient functional
nucleic acid delivery in vitro upon application of gradient magnetic filed (MF) and
ultrasound (US). Biodistribution study in mice demonstrated the highest nucleic
acid deposition when a MF in combination with US were applied to a lung lobe as
a target site. Using a dorsal skin chamber model in mice and intravital
fluorescence microscopy, we have demonstrated the localized delivery of plasmid
DNA, synthetic antisense oligonucleotides and siRNA to the vasculature and
surrounding tissue within the chamber by applying a suitable gradient MF to the
target area in combination with US. Without MF or US application, no localized
delivery was feasible. In another study, we have demonstrated the therapeutic
potential of the technique with subcutaneous administration of MMBs carrying the
vascular endothelial growth factor (VEGF) gene in a skin flap model in rats. The

combination of MF and US yielded the highest blood perfusion and tissue survival
of the skin flap area in comparison to the controls with reporter genes or with the
VEGF gene in the absence of MF and/or US.
According to this strategy, acoustically active MMBs loaded with appropriate
agents can considerably improve efficiency and specificity of drug delivery and
simultaneously may be used for diagnostic purposes suggesting an efficient
“theragnostics” platform.

Sonoporation : a new efficient method for gene transfer in healing tendon
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Rationale:
Degenerative or traumatic tendons injuries heal poorly and the normal function of the injured tissues
is never restored. Hypocellularity and poor vascularization of those tissues are the main causes of
this poor regeneration. Traditional therapy aimed at controlling inflammation but its effectiveness in
the long term has not been demonstrated despite pain relief in the short term. Several growth
factors like PDGF have been shown to increase tendon healing (Wang, Liu et al. 2004, J Hand Surg Am
29: 884‐90). These last years, ultrasound and gaseous microbubbles‐mediated gene transfer
(sonoporation) have been described as an alternative efficient physical method for gene transfer
(Newman and Bettinger 2007, Gene Ther 14: 465‐75). This study is to demonstrate that this method
could be used for gene therapy to accelerate tendon healing. It will offer the possibility of
transferring genes that positively affect tendon healing and the beneficial stimulation effect of
ultrasound reported as a physical therapy for tendinopathy (Ng and Fung 2007, Ultrasound Med Biol
33: 1750‐4).
Methods:
The set‐up is consisted of a 1 MHz piezoelectric ultrasound transducer connected to a power
amplifier and an arbitrary waveform generator. Experimental microbubbles, BR14 were generously
provided by Bracco Research. Achilles tendons of CD1 mice were transfected with plasmid DNA
encoding luciferase as reporter gene. Indicated amounts of plasmid and microbubbles were mixed
and injected directly into tendons before insonation. Different ultrasound parameters (acoustic
pressure, time exposure) were tested to determine optimal acoustic setting for tendon sonoporation.
For ex vivo assays, tendons were harvested, crushed and lysed five days after injection. Transfection
efficiency was evaluated by measuring the luciferase activity as read out. The time course of
luciferase gene expression was evaluated by in vivo bioluminescence with a cooled CCD camera
(Biospace Photon Imager).
Results and conclusion:
The transfection rate was dependent on acoustic pressure, time exposure, and microbubble number.
Ultrasound combined with microbubbles improved the efficiency of gene transfer in mice. No
increase of the gene expression was obtained with ultrasound alone. The highest luciferase activity
was achieved with the following condition: ultrasound waves of 200 kPa, 40 % DC, 106 microbubbles
and 10 minutes of exposure time. Bioluminescence experiments showed that the expression of
luciferase was stable up to 25 days post‐sonoporation with this optimal condition.
Our data indicate that sonoporation is a potential method for efficient gene transfer in tendons. Its
efficacy to transfer therapeutic genes is currently evaluated on injured tendons.

Jeffrey A. Ketterling
Lizzi Center for Biomedical Engineering
Riverside Research Institute, 156 William St., New York, NY 10038
High-frequency response of single polymer-shelled contrast agents
Ultrasound contrast agents (UCAs) designed for use with high-frequency ultrasound
(HFU) would permit the visualization of slow-moving microcirculation in ophthalmic
and small-animal applications. Previously, three polycaprolactone-shelled agents (POINT
Biomedical, San Carlos, CA) with mean diameters of 0.56, 1.1, and 3.4 µm were
examined for their single-bubble backscatter when excited with 40-MHz tone bursts of 1,
3, 5-10, 15, and 20 cycles. In each case, a 20-MHz subharmonic component was
observed that was initiated between 8-10 cycles and then increased in magnitude as the
number of cycles increased. The acoustic pressure at which a sub-harmonic was most
likely was 3.9 MPa for the 3.4 µm agents and 1.7 MPa for the 0.56 and 1.1 µm agents.
Large sets of single-backscatter events were screened for subharmonic components using
a conventional frequency-domain approach and a singular-value-decomposition (SVD)
approach. The conventional method evaluated each event spectrum individually, while
the SVD method treated each 1000-event data set at once. A sub-harmonic score (SHS)
indicative of how much sub-harmonic content a 1000-event data set contained was
computed for both methods. Empirical-simulation results showed that SHSs obtained
from the two methods were linearly related. Also, experimental data from both methods
indicated that sub-harmonic likelihood increased with pulse duration and peaked near 2
MPa for the 1.1 µm mean diameter agent. The SVD method also yielded quantitative
information about UCA physics not available from the conventional method. Currently, a
real-time imaging component is being added to the experimental system that will permit
sizing of the single agents prior to acoustic excitation. This additional information will
permit us to relate the acoustic response to agent diameter in order to further identify
optimal agent properties for HFU excitation.

COMPRESSION-ONLY BEHAVIOR AND SUBHARMONIC SCATTERING OF
PHOSPHOLIPID-SHELL MICROBUBBLES
Peter Frinking, Emmanuel Gaud and Marcel Arditi
Bracco Research S.A. – Geneva / Switzerland

Introduction
The nonlinear nature of oscillating gas bubbles is extensively exploited by contrast-specific
imaging methods, such as harmonic B-mode, Pulse Inversion (PI), Amplitude Modulation (AM), Pulse
Inversion Amplitude Modulation (PIAM), etc. Recently, new nonlinear bubble properties, such as
“compression-only” and “thresholding”, have been described [1][2]. It is speculated that these
properties contribute to increased sensitivity for microbubble detection using the existing contrastspecific imaging methods. Thresholding, for example, has been related to bubbles responding only to
ultrasound pulses with amplitudes exceeding a particular threshold value. Therefore, detection
schemes that include modulating the amplitude of the excitation pulse, e.g. AM or PIAM, would
benefit from such a highly nonlinear behavior. Compression-only, on the other hand, has been defined
as asymmetric bubble oscillations where bubbles mainly compress and hardly expand (a relative
expansion E over compression C ratio E/C<0.5 was arbitrarily chosen to classify bubbles as
compression-only bubbles). The effect has mainly been observed by analyzing radius time curves
obtained from optical high-speed camera recordings. Only recently, Sijl et al. [3] compared optically
recorded radius-time curves of single phospholipids-shell microbubbles with acoustically acquired
pressure-time curves of the same microbubble during combined optical and acoustic measurements at
low (40 kPa) acoustic pressure amplitudes. They showed that compression-only behavior observed in
the radius-time curve could be directly identified in the pressure-time curve by the presence of
subharmonics.
According to theory, a very sharp increase in the subharmonic amplitude in the scattered echo
responses of free gas bubbles is expected when the acoustic pressure exceeds a certain frequency
dependent threshold; this threshold being minimal when the gas bubble is excited at twice its
resonance frequency, with typical values around 60 kPa [4]. However, for different contrast agents,
such as Levovist, Optison, Definity and Sonazoid, threshold values around 300 kPa have been
reported [5]. For SonoVue microbubbles, on the other hand, substantial subharmonic scattering was
measured for lower pressure amplitudes (see Figure 1) [6][7]. Moreover, a threshold value of 40 kPa
was determined for this agent in the same studies. Such a low threshold value is not predicted by
simulations using classical models based on the Rayleigh-Plesset equation, describing contrast-agent
microbubble dynamics, and it is even below values expected for free gas bubbles.
In this work, first a possible relation between subharmonics and compression-only behavior was
investigated. Second, this relation was studied as a function of hydrostatic pressure.

Figure 1.

Mean measured power spectra (N=50) of SonoVue, showing the fundamental, second harmonic,
subharmonic and ultraharmonic components. The transmit bursts had a center frequency of
3.5 MHz, 40 cycles with Hanning apodization and peak negative pressure amplitudes of 8 and 75
kPa. The measured spectra were not corrected for the sensitivity of the receiving transducer.

Simulations and experiment
The model developed by Marmottant et al. [8] was used to investigate the relation between
compression-only and the presence of subharmonic components in the spectra of echo responses of
phospholipid-shell microbubbles. This model takes into account physical properties of lipid monolayer
coatings on gaseous microbubbles and hypothesizes that compression-only is induced by buckling of
the monolayer surrounding. As described in [8] and shown in Figure 2, the value of the effective
surface tension varies dynamically between zero and the value for water (σwater=0.0725 N/m) during
bubble oscillation. The initial value of the surface tension, σ(R0), determines the condition of the
bubbles at rest, viz. the bubble will be in the buckling state when σ(R0)=0 N/m or in the elastic state
when 0<σ(R0)<0.0725 N/m. It is commonly assumed that “compression-only bubbles” are those in or
near the buckling state at rest.

Figure 2. Model for the effective surface tension (adapted from [8]).

Simulations using the Marmottant model were performed using different values for the initial
surface tension σ(R0) to verify if the subharmonics present in the scattered signals of SonoVue
microbubbles measured at low acoustic pressure amplitudes, such as shown in Figure 1, can be related
to compression-only bubbles.

Figure 3. Power spectra from simulated echo responses of a single phospholipid-shell microbubble with
R0=2.5 µm; σ(R0) = 0.015 N/m in the elastic state (left figure) and σ(R0)=0 N/m in the buckling state
(right figure).

Figure 3 shows spectra obtained from simulated echo responses of a phospholipid-shell
microbubble with R0=2.5 µm in the elastic state with the initial surface tension σ(R0) = 0.15 N/m, and
in the buckling state with σ(R0)=0 N/m, on the left-hand and right-hand sides, respectively. The bubble
in the buckling state is supposed to be a compression-only bubble. The transmit burst had a center
frequency of 3.5 MHz (which was chosen to be close to twice the resonance frequency of a bubble
with R0=2.5 µm), 64 cycles with Hanning apodization and a peak-negative pressure amplitude of 75
kPa. The shell parameter values used in the simulation were χ = 0.74 N/m for the stiffness and κ =
15e-9 kg/s for the dilatational viscosity. These values were determined in-house and are in good
agreement with values reported by van der Meer et al. [9]. For the low acoustic pressure amplitude
used in this simulation, the bubble in the buckling state, i.e. compression-only bubble (right side of
Figure 3), clearly shows the subharmonic (and ultraharmonic) components of the transmit frequency in
the spectrum as was observed in the measurement results shown in Figure 1. However, the bubble in
the elastic state (left side of Figure 3) does not show these components. It is furthermore interesting to
note that in this particular case the second harmonic-to-fundamental ratio is approximately -25 dB in
both situations, indicating that the compression-only bubble does not show increased second harmonic
response.
Next, ratios of relative expansion and compression E/C were calculated for wide ranges of surface
tension values σ(R0) and pulse transmit frequencies. These ratios were obtained by simulating the
response of a phospholipid-shell microbubble with R0=2.0 µm at an acoustic pressure amplitude of 60
kPa. The shell parameter values used in this simulation were χ = 0.74 N/m for the stiffness and

κ = 9.9e-9 kg/s for the dilatational viscosity (the viscosity is slightly lower than in the previous
situation because it depends on bubble size [9]). The results are presented in a 2D plot, as a function of
initial surface tension and pulse transmit frequency, shown on the left side in Figure 4, with colors
corresponding to values as indicated in the color bar. The black line superimposed on the 2D plot
indicates the iso-contour at a value of E/C=0.5 and thus identifies the conditions for compression-only,
according to the definition given in [1]. It can be seen in this figure that in the buckling state with
values of σ(R0) close to 0 N/m, the bubble shows compression-only behavior over a wide range of
transmit frequencies. However, at frequencies around 2.5-3 MHz, corresponding to the expected
resonance frequency of a 2-µm-radius phospholipid-shell microbubble, compression-only is observed
for values of σ(R0) up to 0.01 N/m.

Figure 4. Values for E/C (left) and subharmonic-to-fundamental ratio (right) as a function of initial surface
tension σ(R0) and pulse transmit frequency obtained from simulations of a 2-µm phospholipid-shell
microbubble. The superimposed black iso-contour plots indicate a value of 0.5 for E/C (left) and a
value of -35 dB for the subharmonic-to-fundamental ratio (right).

The same simulation data were used to calculate subharmonic-to-fundamental ratios form spectra
obtained from echo responses of the bubble. The results are presented in a 2D plot, as a function of
initial surface tension and pulse transmit frequency, shown on the right side of Figure 4, with colors
corresponding to values as indicated in the color bar (in dB). The black line superimposed on the 2D
plot indicates the iso-contour at -35 dB. This value may be interpreted as a kind of threshold in signalto-noise ratio, since only for values higher than -35 dB real subharmonics were observed in the
simulated spectra. The results displayed in this 2D plot nicely show that for transmit frequencies close
to twice the resonance frequency of the bubble, subharmonics are present in the spectra for values of

σ(R0)<0.01 N/m. Therefore, it may be concluded that subharmonics measured in the echo responses of
phospholipid-shell microbubbles at low acoustic pressure amplitudes originate from compression-only
bubbles excited at twice their resonance frequency.
The data presented in the 2D plot shown on the right side of Figure 4 illustrate that for a
phospholipid-shell microbubble excited with a transmit frequency close to twice its resonance

frequency, subharmonic amplitudes depend on the value of σ(R0). In the case of Figure 4, no
subharmonics are present for σ(R0)>0.01 N/m, whereas for lower values the subharmonic amplitude
changes by 20 dB, with higher subharmonic amplitudes for lower values of σ(R0). Thus, it was
anticipated that by applying an ambient overpressure to phospholipid-shell microbubbles so as to
decrease their σ(R0), subharmonic amplitudes in their echo responses would increase accordingly.
In a simulation study, the subharmonic response of a single phospholipid-shell microbubble with
R0=2.5 µm and σ(R0)=0.02 N/m was calculated as a function of acoustic pressure amplitude, at
ambient overpressures of 0 and 140 mmHg. To account for the effect of ambient overpressure,
changes in bubble size and corresponding changes in σ(R0) were first calculated. The transmit burst
had a center frequency of 4 MHz and an apodized burst length of 64 cycles. The shell parameter
values were the same as mentioned above.

Figure 5. Simulation results (left figure) for the subharmonic amplitude of a single phospholipids-shell
microbubble with R0=2.5 µm and σ(R0)=0.015 N/m as a function of acoustic pressure amplitude at 0
mmHg and 140 mmHg ambient overpressure. Measured subharmonic amplitude (right figure) of an
experimental phospholipid-shell contrast agent as a function of peak-negative pressure amplitude at 0
mmHg overpressure (blue curve), 140 mmHg overpressure (red curve) and again 0 mmHg
overpressure (green curve).

The results presented on the left in Figure 5 show the expected increase in subharmonic amplitude
for the 140 mmHg overpressure situation. The increase ranges from 5 to 20 dB depending on the
acoustic pressure amplitude, but it seems to saturate for acoustic pressure amplitudes larger than 20
kPa.
In the experimental study, a measurement cell containing a dilution of an experimental
phospholipid-shell contrast agent was pressurized. Subharmonics in the echo responses were measured
as a function of the acoustic pressure amplitude at 0 and 140-mmHg ambient overpressure. The
microbubbles were excited using a transmit burst with a center frequency of 4 MHz and an apodized
burst length of 64 cycles.
The experimental results at baseline (i.e. 0 mmHg) are illustrated by the blue curve on the right in
Figure 5 and show an increase in subharmonic response as a function of acoustic pressure similar to

the one shown in the simulation. Indeed, after applying an ambient overpressure of 140 mmHg (red
curve), the subharmonic response increased by 10-20 dB, depending on the acoustic pressure
amplitude. Note that the subharmonic amplitude saturates as a function of the acoustic pressure
amplitude in a similar way as observed in the simulation. After removing the 140-mmHg overpressure,
the subharmonic response returned back to levels comparable to the baseline situation of 0 mmHg
(green curve), the reversibility confirming that the experiment preserved the integrity of the bubbles.

Figure 6. Measured subharmonic amplitude of an experimental phospholipid-shell contrast agent as a function
of ambient overpressure. The peak-negative pressure amplitude was fixed at 50 kPa.

In a separate experiment, the subharmonic amplitude was measured as a function of ambient
overpressure, and the results are plotted in Figure 6. The conditions were the same as mentioned above
except for the acoustic peak-negative pressure amplitude, which was fixed at 50 kPa. From these
results, it can be observed that the subharmonic amplitude increased by 20 dB by changing the
ambient overpressure from 40 to 80 mmHg. Since the subharmonic amplitude in dB changed linearly
for this range of ambient overpressure values, this would correspond to a sensitivity of 0.5 dB/mmHg.
The subharmonic amplitude as a function of the ambient overpressure seems to saturate for values
higher than 80 mmHg. This means that the sensitivity of a method for noninvasive pressure
measurement, exploiting an increase in subharmonic amplitude as a function of the hydrostatic
pressure as described here, could be optimized by carefully tuning parameters such as acoustic
pressure amplitude and initial surface tension. The latter condition would imply designing a contrast
agent specifically for noninvasive pressure measurements.

Conclusion
Subharmonics present in the echo responses of a phospholipid-shell contrast agent, such as
SonoVue, can be related to the echo responses from compression-only bubbles excited at very low
acoustic pressure amplitudes. Simulated data generated using the Marmottant model, which accounts
for buckling of the phospholipid monolayer shell, is in good agreement with measurement data. The

model further showed the dependency of subharmonic amplitude on σ(R0). This dependency was
further studied by changing the hydrostatic pressure through the application of an ambient
overpressure, showing an increase in subharmonic amplitude as a function of ambient overpressure.
Using a specifically optimized phospholipid-shell contrast agent, this effect could be exploited in a
noninvasive pressure measurement method allowing a sensitivity potentially higher than that shown in
other work [10][11][12].
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Why shell buckling matters
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The working principle of ultrasound contrast agents is based on the non-linear
scattering of the coated microbubbles. Pulse-inversion and power modulation imaging
for instance rely on the harmonic response of the bubbles. The bubble dynamics is
described by the Rayleigh-Plesset equation, and the success of harmonic imaging
using contrast agents has always been attributed to the non-linear properties of this
equation.
To prevent rapid dissolution, the bubbles must be coated by a surfactant layer1 to
reduce their surface tension and resulting capillary pressure, which squeezes the gas
out of the bubbles. The coating also inhibits gas diffusion into the blood. The bubbles
are thus stabilized through the presence of the coating. Several extensions to the
Rayleigh-Plesset equation were made to include the effect of the coating on the bubble
dynamics. Church [1] proposed a coated bubble dynamics model by incorporating an
elastic shell of finite thickness, including viscous damping, and the earlier model by De
Jong et al. [2] treats the coating as a thin viscoelastic shell. It has always been
assumed that incorporation of the properties of the shell in the bubble equation of
motion leads to increased stiffness and additional damping of the radial dynamics,
hence to a reduction of the non-linear response of the bubbles. Contrast agents for
harmonic imaging are therefore designed to be as flexible as possible, with a coating as
thin as possible, typically a monolayer of lipid molecules, ideally to resemble free gas
bubbles.
Here we show that the coating material in fact leads to an increased non-linear bubble
response even at low acoustic pressures where the traditional models for coated as well
as uncoated bubbles would only predict linear behavior. From optical observations it
was observed that the radial bubble dynamics can be highly non-linear. Emmer et al.
[3] observed a so-called thresholding behavior where it was found that the bigger
bubbles would respond in a strictly linear way to the acoustic driving pressure, while
the smaller bubbles were only activated at elevated pressures, then respond linearly
with pressure. A majority of the bubbles show so-called ‘compression-only’ behavior
[4], where the bubbles were observed to efficiently compress, while their expansion was
highly reduced. Furthermore, the shape of the radius-time curve in the compression
phase showed sharp edges, distinctly different from the regular, more symmetric,
bubble response, or of those predicted from bubble dynamics equations. The nonlinear radial response was shown to lead to an increased acoustic harmonic response
[5]. The ‘compression-only’ behavior is well-captured by the model introduced by
Marmottant et al. [6] which takes into account both the elastic regime of the shell, and
in addition, also buckling and rupture of the lipid shell.
1

Figure above: Schematic view of a BR-14 bubble. This micelle structure is formed due to the fact that
phospholipids have a hydrophilic head and a hydrophobic tail. The heads are directed towards the water and the tails
away from it.

Figure 2: Optical response example showing `compression only' and `buckling'
(R0 = 3:05 μm, fdrive = 1.5 MHz, Pdrive = 40 kPa, recorded at 14.5 Mfps)
Optical recordings of the resonance curves of the bubbles using the microbubble
spectroscopy method [7] revealed a new non-linear behavior of the phospholipid
coating in the sense that the shell viscosity appears to decrease with increasing
dilatation rate. Secondly it was observed that the resonance curves become
asymmetrical with increasing driving pressure, resulting in a decrease of the frequency
of maximum response. The skewness of the resonance curve can be fully explained by
the buckling model of Marmottant et al. [6], but more importantly it also explains the
observed thresholding behavior.
Buckling of the shell proves to be the origin of subharmonics as well. The model of
Marmottant et al. predicts subharmonic behavior of phospholipid-coated contrast
agents when the bubble is close to its tensionless state, σ0 = 0 N/m. The non-linear
transition from the elastic to the buckled state results in enhanced subharmonic
behavior. Optical observations of subharmonic behavior show that the parameters for
elasticity χ, and shell viscosity κs can be determined from the ratio of the fundamental
to the subharmonic response of the microbubble. In general an increase in χ will result
in an increase of the amplitude of the subharmonic response, whereas an increase in
κs will decrease (or dampen) the amplitude of both the subharmonic and the
fundamental response of the bubble.
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Introduction
Contrast Enhanced UltraSound (CEUS) is used to increase the scattering from blood by
exploiting their nonlinear response to diagnostic ultrasound imaging frequencies. Pulse
Inversion (PI) [1] and variants of this technique is currently the most used method for
CEUS. To achieve a good contrast-to-tissue ratio (CTR) the signal from tissue must be
suppressed, and for good penetration and imaging of single bubbles the contrast-to-noise
ratio (CNR) is critical. Dual-frequency band techniques have been proposed as an
alternative to PI to improve the detection of micro bubbles. One of the first to propose
such a dual-frequency band technique for CEUS was Deng et al. [2] and this have been
investigated by several other groups over the last years [3,4,7]. Such a dual-frequency
band technique is SURF imaging. The technique uses a low-frequency (LF) pulse to
manipulate the microbubble and a high-frequency (HF) pulse is to image the bubble. The
method also takes into account propagation effects like delay accumulation due to
manipulation of the speed of sound by the LF pulse [7]. The frequency relation is in the
range 1:8-10. Two such pulse complexes are transmitted where the LF pulse is inverted
from the 1st to the 2nd pulse. In this study we have used simulations to look at SURF
imaging and PI in order to understand the strengths and weaknesses of the two methods.

Simulation Setup
For forward propagation Abersim© (www.ntnu.no/abersim) [5] has been used.
Abersim© is a toolkit for simulating 3D nonlinear acoustic forward wave propagation
through an attenuating medium. For each position on the axis the response of the microbubbles has been simulated using the model by Sarkar et al. [6]. Back propagation is
emulated by attenuating the signals according to their distance from the transducer.
Microbubbles of diameters 1, 1.5, 2, 3, 4 and 6 micrometer are used. Shell parameters for
Sonazoid (GE Healthcare, Buckinghamshire, UK) are used [6]. The linear resonance
frequencies for these bubbles are [22.7, 12.5, 8.3, 4.6, 3.1, 1.7] MHz using the Hoff
model [8]. For simplicity and computational speed an annular array is used. For the
transmit setup we have considered imaging of the carotid artery.
For PI the transmit frequency is 4MHz and the array is focused in 35 mm with an
f-number of approximately 3. A transducer with -3dB relative bandwidth of 90% is
modeled using a 3rd order Butterworth filter. The maximum MI on the axis is 0.05. For
SURF the transmit frequencies are 1/8MHz and the same focusing as for PI is used. The
maximum MI on the axis is 0.06/0.22 for the LF and HF respectively. The transducer is
modeled in the same way as for PI with center frequencies of 1/8MHz and -3dB

fractional bandwidth of 80%. A more conservative bandwidth is used for SURF imaging
than for PI since it does fundamental imaging and high bandwidth is not so critical.
The processing for PI consisted of adding the two pulses and filtering the detection signal
with an 81 tap @160MHz FIR bandpass filter centered at 8MHz. For SURF the received
signals was filtered with the same bandpass filtered as for PI. Then the delay between the
two pulses is estimated using cross-correlation and corrected for using cubic spline
interpolation. The detection signal is formed by subtracting the corrected pulses.

Results
In Figure 1 the relative scattering strength from the microbubbles between SURF and PI
is plotted for the different bubble sizes as a function of depth. For this setup the SURF
method gives a stronger response for all bubble sizes which would give a better CNR and
improved imaging of single microbubbles. The difference is less when the resonance
frequency of the bubble is close the transmit frequency of PI (d=3.0 & 4.0 um). In the
near-field the increase ranges from 5 to 40 dB for all bubble sizes which is important for
imaging of shallow objects e.g. the carotid artery or prostate tumors. A contributing
factor of the CNR is the higher amplitude of the imaging pulse for SURF. An advantage
of the SURF technique is that one can use higher amplitude since one is not concerned
about generating 2nd harmonic in forward propagation and that the bubbles can tolerate a
higher MI for increasing frequency. In addition one is imaging in the fundamental band
of the transducer and is thus not affected by limited bandwidth as much as in the PI case.
In Figure 2 the relative tissue suppression for the two methods is shown. For depths
shallower than 50 mm, the tissue suppression is greater for SURF. The difference
between the relative tissue suppression curves is plotted against the right hand y-axis. The
relative tissue suppression is computed as the amplitude of the tissue signal after the
respective processing for the two techniques relative to the unprocessed tissue signal. In
the near-field, complex interference patterns make it difficult estimate delay and thus
poor tissue suppression for SURF in the region between 10 an 28 mm. One would expect
this to improve if the full field is taken into account and not only the axis.
In Figure 3 the CTR for the different bubble sizes is shown. For bubbles with resonance
frequencies close to the PI transmit frequency one can again see that PI has a greater
CTR. For the other bubbles the SURF method has a greater CTR for most depths. In the
near field the curves fluctuates somewhat due to interference patterns on the axis, but in
general the SURF method lies above PI. The fluctuation of the curves in the near-field
should be expected to improve if the full beam profile and standard receive beamforming
is applied.

Conclusion
For the setup investigated here the SURF imaging technique excites a larger population
of the bubbles compared to PI. PI works very well for bubbles of specific sizes i.e. those
with resonance frequencies close to the transmit frequency. The SURF technique does
not have the same restrictions on the transmitted pressure of the imaging pulse as PI
which will contribute to an improved CNR. For SURF imaging tissue suppression is also
not affected by the transmitted pressure of the imaging pulse as for PI. In the near-field

the CTR of SURF is above that for PI making it favorable for imaging of shallow
structures. SURF shows to have some issues in a region before the focus due to
interference patterns.

Figure 1: Relative signal detection bewteen SURF and PI for a range of bubble sizes

Figure 2: Relative tissue suppression

Figure 3: Relative contrast-to-tissue ratio (CTR)
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ABSTRACT
The key feature of ultrasound contrast agents (UCA) in distinguishing blood pool and tissue echoes is
the so-called Contrast to Tissue Ratio (CTR), which is based on the non-linear behavior of the bubbles.
Several pulse-echo techniques are based on the non-linear dynamics of the coated microbubbles, e.g.
pulse-inversion and power Doppler. The bubble dynamics can be described by a Rayleigh-Plesset type
of equation. In literature several extensions to this non-linear equation were made to include the effect
of the coating of the bubbles. Church1 proposed a coated bubble dynamics model by incorporating an
elastic shell of finite thickness, including viscous damping. The earlier model by De Jong et al.2 and
the recent model by Sarkar et al.3 treat the shell as a thin viscoelastic shell. However, these models are
valid only for low acoustic pressures. Marmottant et al.4 recently introduced a model which is also
applicable for large radial expansions as it takes into account the elastic regime of the shell, and in
addition, also buckling and rupture of the shell. The model was originally developed to capture the socalled compression-only behavior5.
Here we investigate the non-linear properties of the shell material which lead to an increased nonlinear bubble response especially at low acoustic pressures where the traditional bubble models would
predict linear behavior. The UCA microbubbles were studied in free space (at a distance >100 μm
away from a neighboring wall) by a set of optical tweezers coupled to the Brandaris 128 camera6. The
microbubble spectroscopy method, described by Van der Meer et al. 7, was used to measure the
response of BR-14 microbubbles (Bracco, Geneva).
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Figure 1: Frequency of maximum response as a function of the applied acoustic pressure. The experimental data
(dots) is in good agreement with the model by Marmottant et al. (red line).

Figure 1 shows the frequency of maximum response of a microbubble with a radius of 3.0 μm as a
function of the applied acoustic pressure. At a pressure of 7.5 kPa the maximum response frequency is
2.5 MHz. For increasing pressures the maximum response frequency is observed to rapidly decrease
and at an applied acoustic pressure of 25 kPa the maximum response is found at a frequency of
1.3 MHz, which is lower by nearly 50%. The experimental results are compared to simulations

performed with three different bubble dynamics models. For pressures up to 25 kPa the RayleighPlesset equation for an uncoated gas bubble does not predict a significant decrease of the maximum
response frequency with increasing pressure (pink line). It was found that the decrease in the
frequency of maximum response is important at higher pressures, 30% at 100 kPa. When we treat the
coating as a thin elastic shell the frequency of maximum response is independent of the applied
pressure (blue and green lines, for de Jong and Sarkar model, respectively). The full Marmottant
model on the other hand predicts a rapid decrease of the maximum response frequency, which is in
good agreement with the experimental results.
Figure 2a shows the relative amplitude of oscillation ε = Rmax − Rmin 2R0 as a function of the
applied frequency at a driving pressure of 17.5 kPa. The obtained “resonance” curve is asymmetric, or
skewed. The relative amplitude of oscillation ε at an applied frequency of 1.4 MHz is plotted as a
function of the driving pressure in figure 2b. The amplitude of oscillation is below the noise level of
the Brandaris (< 30 nm) for applied pressures smaller than 15 kPa. A rapid increase in the amplitude
of oscillations is observed above 17.5 kPa. The non-linear increase in the amplitude of oscillation with
respect to the applied acoustic pressure is referred to as thresholding behavior8. Both the
experimentally obtained asymmetric “resonance” curve and the so-called thresholding behavior are
captured by the model by Marmottant et al..
From experimental observations and simulations we conclude that non-linear effects change the
frequency of maximum response even at relatively low pressures (< 25 kPa). The model by
Marmottant et al. captures the compression-only behavior, the decrease in the frequency of maximum
response with increasing pressure, the skewness of the “resonance” curve and the thresholding
behavior. Only for very low acoustic pressures, much lower than typically used in diagnostic
ultrasound imaging, the shell can be treated as fully elastic. The non-linear “resonance” behavior of
ultrasound contrast agents contributes to the full understanding of the non-linear behavior of these type
of bubbles which opens up a wealth of new possibilities in contrast-enhanced ultrasound imaging.
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Figure 2: Left: The relative amplitude of oscillation ε as a function of the frequency at an applied acoustic
pressure of 17.5 kPa shows skewness of the resonance curve. Right: The relative amplitude of oscillation ε as a
function of the applied acoustic pressure at a frequency of 1.4 MHz shows the so-called thresholding behavior.
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